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Bob Nash, KF6CDO, was inspired by the article 
from Bob Miller, KE6F, titled “An Atomic Frequency 
Reference for Your Shack” that appeared in the 
September/October 2009 issue of QEX. Bob built 
the reference himself, but then took it a step further 
by upgrading the design with an Event per Unit 
Time instrument and a new upgraded frequency 
divider board. The result greatly improved the 
accuracy of the original design.
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Calibrating Expectations
In addition to filling in for our regular editor, I write the occasional new products column 

(Out of the Box.) I also look at writing articles about some of the projects that I am working 
on. I look first at new products from the perspective of something that would make an inter-
esting and useful project. The next two concerns are price and availability. I am interested 
in what you, as a fellow experimenter, find is your threshold of pain with respect to price. 
With two kids in college and a third one soon, my price point ends up being about $200 
total cost. Also, I will not even consider starting a project with a new part if the only way I 
can get it is by way of an engineering sample. I always intend to share my projects with 
you, and it is of no use if you cannot log-on to Mouser, DigiKey or other distributor and buy 
as few or as many of a part as you need. Many RF semiconductor vendors just refuse to 
sell in small quantities or provide useful information.

Broadcom appears to have changed in that respect. The HSMM group reports that they 
can now get useful information on the 802.11 IC’s in the Linksys routers. That may bode 
well for some new and useful applications beyond the present state of the art.

I work for a medical products company as a combination hardware and software engi-
neer. I frequently run into discussion among other engineers regarding prototype projects 
and the implementation. I am of the mind that through-hole designs make more sense for 
projects where we will be assembling by hand. If I have to use surface mount components 
when through-hole parts do not exist, I want to use the largest possible components. That 
translates to using 1206 size components rather than the more common 0805 or even 
smaller.  My hand soldered 0805 boards usually look pretty sad.  I find that 1206 size com-
ponents are easier to see while soldering without resorting to a microscope.

Write me at rmack@arrl.org to share your thoughts on how much you are willing to 
spend on projects and surface mount vs through hole.

White Space
The FCC is busy adding more potential interference sources and interference receptors 

that may affect amateur radio. The ARRL has been fighting diligently to protect us from ill 
conceived devices in the 70 cm band. The next front is from a concept called white space 
re-use. Now that most TV has moved to digital transmission and moved to UHF channels, 
we had a reasonable expectation that much of our interference issues would move with 
those TV stations. Unfortunately, the FCC backed down on the blanket move of all TV to 
UHF. A significant number of stations will occupy channels seven through 13. What is most 
distressing is that a few stations will remain on channel two. Stations on channels two and 
13 are an issue for the 6m band and the 219 MHz band respectively.  

Now, the FCC has decided to allow unlicensed use of unoccupied TV channels for digi-
tal devices such as home routers and wide area networks. The concept is to use TV chan-
nels across VHF and UHF spectrum that are unused in a given area. The problem, of 
course, is that consumers are mobile and can move a device from an area where a chan-
nel is unused to an area where it is in use. The broadcast TV industry is understandably 
concerned about this possibility. The problem for amateurs is that we now have to deal with 
unlicensed devices with receiving antennas in close proximity that can occupy almost any 
VHF or UHF TV frequency. A fixed frequency TV station allows us to apply notch filters if 
necessary to remove our stations as a source of interference. These devices can occupy 
any channel, so there is the potential for even weak harmonics to interfere. These are Part 
15 devices, but that is of little concern to most of our neighbors who will want interference 
free use.

The TV broadcast industry fought the good fight to stop this concept and lost. The FCC 
adopted the rules to allow white space use on September 23.

State of SDR
No doubt you are familiar with Flex Radio Systems. Gerald Youngblood, K5SDR, and his 

company is the only commercial source of a full software defined radio. I attribute his suc-
cess to a superior hardware platform coupled with the open source software Power SDR.  
Flex Radio started out with good hardware (by today’s standards) and used the sound card 
interface of an average Windows PC. Over the years, the hardware has progressed to 
exceptional with all of the data conversion occurring in the Flex 5000 series of radios. The 
radio still requires a Windows PC, but performance to match the RF hardware requires 
very capable PC hardware. The strength continues to be the open source software. The 

(Continued on page 31.)



  QEX – November/December  2010   3 

Bob Nash, PE, KF6CDO

1826 Lambeth Way, Carmichael, CA 95608; bob.nash1@gmail.com

An Event per Unit Time 
Measurement System for 

Rubidium Frequency Standards

1Notes appear on page 17.

Adding a microprocessor based Event per Unit Time (EPUT) instrument 
 to a rubidium frequency standard greatly improves its accuracy and ease  

of use in measuring small frequency differences.

With great interest I watched my friend 
Bob Miller, KE6F, build a Rubidium 
Frequency Standard (RFS) and describe the 
resulting instrument in QEX.1  I was also 
encouraged by two other QEX construction 
articles by John Raydo, KØIZ, and Peter 
Goedecke, DJ7GP.2 After reading these arti-
cles and using Bob’s completed instrument 
to adjust several reference oscillators, I just 
had to build one for myself. The following 
describes how I built an upgraded version 
of Bob’s RFS that incorporates an Event per 
Unit Time (EPUT) instrument and a new 
upgraded frequency divider board.

A Good Idea and a Problem
One very useful feature included in the 

original KE6F instrument was a beat indi-
cator driven from the output of a frequency 
mixer. The indicator provided a way to 
monitor the frequency difference between 
a rubidium referenced output and a test 
frequency. Without this indicator, small dif-
ferences in frequency are very difficult to 
monitor.

One problem with this indicator was that 
the meter would often change very slowly 
and swing from off-scale low to off-scale 
high as the beat frequency output changed. 
This made it impossible to start a sequence 
of measurements at exactly the same point. 
A more serious problem was that the fre-
quency difference can be in the millihertz 
range for a typical measurement and com-
paring the external oscillator with the RFS 

often took many hours. Thus, watching the 
meter and using a stopwatch to time events 
provided only a crude measurement for 
signals that allowed adjustments to one part 
in 10-10. This article describes an improved 
instrument that saves the tedium of wait-
ing many hours with a stopwatch to collect 
EPUT data and then manually entering 
the results into a spreadsheet for plotting. 
Figures 15 and 16 show data from an oven-
controlled oscillator that was automatically 
collected over many hours and plotted 
from a file generated by the EPUT instru-
ment. With this instrument you can easily 
and accurately test high-stability oscillators 
without spending hours watching a meter 
and fiddling with a stopwatch.

Background
Bob and I discussed the problems with 

the existing measurement techniques and 
concluded that a microprocessor-based 
instrument could provide not only an instru-
ment that solved the problems with the 
existing system but also provide a number of 
other features. The success of this approach 

seemed likely, having recently completed 
several microprocessor-based projects using 
an LCD display, incremental encoder and 
simple menu system. The desirable features 
made possible with a microprocessor-based 
instrument were a meaningful display, more 
accurate timing, time tagging, data archival 
and the ability to collect and store a series 
of measurements. Another primary goal was 
to develop an instrument for use in my own 
instrument and for retrofit into Bob’s instru-
ments (yes, he has several!).

The following describes the design, 
construction and operation of an instrument 
that meets these requirements. This EPUT 
instrument has the following features:

Compact Size – It is small enough to fit 
(or retrofit) on the front panel of a typical 
RFS. As shown in Figures 1 and 2, it easily 
mounts on a two inch wide section of a 2U 
rack panel. As shown in Figures 1 and 2, 
both the EPUT instrument and the upgraded 
Divider Board can be incorporated into a 
commercial 2U rack mount chassis along 
with a power supply and a rubidium oscil-
lator module.

Figure 1 – Rubidium Frequency Standard front panel.
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Figure 2 – Top View of the RFS with Power Supply, FRS Module, Divider Board and EPUT Module.

Table 1

ID Qty Description Vendor Part Number 
  Capacitors
C5,C6 2 Capacitor, SMT, 100 nF/50V, X7R, 0805 DigiKey 311-1140-1-ND
C3 1 Capacitor, SMT, 4.7 μF/25V, X5R, 0805 DigiKey PCC2321CT-ND

  Resistors
R1 1 Resistor, SMT, 1K, 1/8W, 1%, 0805 DigiKey 541-1.00KCCT-ND
R2, R3 2 Resistor, SMT, 10K, 1/8W, 1%, 0805 DigiKey 541-10.0KCCT-ND
R4 1 Resistor, SMT, 4.7K, 1/8W, 1%, 0805 DigiKey 541-4.70KCCT-ND
R5, R7,
R9 3 Resistor, SMT, 220R, 1/8W, 1%, 0805 DigiKey 541-220CCT-ND
R6 1 Resistor, SMT, 10R, 1/8W, 1%, 0805 DigiKey 541-10.0CCT-ND
R8 2 Resistor, SMT, 100R, 1/8W, 1%, 0805 DigiKey 541-100CCT-ND

  Semiconductors
Q1,Q2 2 MOSFET, N-CH, 60V/2.6A, SOT-223  DigiKey BSP318SL6327INTR-ND
D1,D2 2 Diode, dual, 100V/200mA, SOT-23 Mouser 512-MMBD4148SE

  Encoder/LCD
IEN1 1 Incremental encoder, 16mm, no detent, Arrow PEC16-4020F-S0024
  24 ppm, w/switch
LCD1 1 Display, LCD, 3.3V, 8 char, w/backlight  Mouser NHD-0108HZ-FSW-GBW

  CPU Module
TS1 1 ToolStick (362 C8051F362) Daughter Card Mouser 634-TOOLSTICK360DC
TBA1 1 ToolStick Base Adapter for Daughter Card Mouser  634-TOOLSTICKBA

  PCB
PCB1 1 PCB, motherboard, pro option with silk screen Express PCB
  solder mask, per 091026_EPUT.pcb file downloaded from QEX site
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Table 2

ID Qty Description Vendor Part Number
  Rubidium Reference
FRS1 1 Rubidium frequency reference Efratom part 100323-001
  Enclosure
RME1 1 Enclosure, rack mount, 2U Mouser 546-RMCS19038BK1
PNL1 1 Front panel, black anodized aluminum, 2.5 mm Front Panel Express (no part #)
  thick, per EPUT_front_black.fpp file
  downloaded from QEX site
  Power
SW2 1 Switch, rocker, 125V, 16A Mouser 691-RA901RBB1V 
FLT1 1 Filtered power receptacle Mouser 592-1EF1F
PS1 1 Power Supply, switching, 24 Vdc 4A output, 
  100-240 VAC input All Electronics Corporation,
   Circuit Specialists, Inc.
  Indicators
LED1,
LED2 2 Indicator, LED, panel mount, blue diffused for  Mouser 358-R9-104L-12-UD
  MIX-OUT and 1Hz indicators
LED3 1 Indicator, LED, green diffused for DigiKey 67-1164-ND
  LOCK indicator

  Resistors
R1,4 2 Resistor, SMT, 470R, 1/8W, 1%, 0805 DigiKey 541-470CCT-ND
R2,3, 4 Resistor, SMT, 51K, 1/8W, 1%, 0805 DigiKey 541-51.0KCCT-ND
21,22
R5-16, 13 Resistor, SMT, 100R, 1/8W, 1%, 0805 DigiKey 541-100CCT-ND
19
R17,18 2 Resistor, SMT, 240R, 1/8W, 1%, 0805 DigiKey 541-240CCT-ND
R20 1 Resistor, SMT, 1M5, 1/8W, 1%, 0805 DigiKey 541-1.50MCCT-ND

  Potentiometer and Dial Scale
POT 1 Potentiometer, wire wound, 1K, 10 turn DigiKey SP534-1.0K-ND
SCL 1 Dial Scale, 11 turn,  DigiKey SP011-1-11-ND

  Capacitors
C1-C11 11 Capacitor, SMT, 100 nF/50V, X7R, 0805 DigiKey 311-1140-1-ND
C12,13 2 Capacitor, SMT, 10 pF/200V, NPO, 0805 DigiKey PCC1971CT-ND 
C17 1 Capacitor, SMT, 5-30 pF/100 V, N750, Mouser 81-TZ03R300F169B00 
C1,5 2 Capacitor, SMT, 100 nF/50V, X7R, 0805 DigiKey 311-1140-1-ND
C1-C4 4 Capacitor, SMT, 0.47 μF/16V,X7R,0805 DigiKey PCC2456CT-ND
  
  ICs
U1-U5 5 IC, counter, 74HCT390D, SOIC-16 DigiKey 568-2834-5-ND
U6 1 IC, hex gate, 74HC04, SOIC-14 DigiKey 296-1189-1-ND
U10,11 2 IC, hex gate, 74HCT244DW, SOIC-20 DigiKey 296-1207-5-ND

  Voltage Regulators
U7 1 Regulator, 12V/500mA, LM340T-12V, TO-220 DigiKey LM340T-12-ND
U8 1 Regulator, 5V/1A, LM340T-5.0, TO-220, DigiKey LM340T-5.0-ND
  for EPUT and divider modules
U9 1 Regulator, 3.3V/100mA, TO-3 DigiKey 497-7288-ND

  RS-232
U1 1 RS-232 Converter, MAX3232 Mouser 595-MAX3232ECD
  Power & Comm. Board part of Divider Board

  Crystal
Y1 1 Crystal, SMT, 10 MHz, 20 pF DigiKey 631-1011-1-ND

  Mixer
U12 1 Frequency Mixer, Mini-Circuits SBL-1, style A06 Surplus Sales

  Connectors Note: cabling is not specified, some IDC missing
BNC 15 BNC “D” bulkhead solder jack Mouser 571-5227169-7
JP1  1 Header, 3POS, 0.1” DigiKey WM6503-ND
P1 1 Header, 2X15, 0.1” DigiKey 3M9464-ND
S1 1 Socket Connector, 30 pin DigiKey AKC30H-ND
J2,3 2 Protected Header, 2X5, DigiKey A33160-ND
P2,3 2 Socket Connector, 2X5 DigiKey ASC10H-ND
J6-10 5 Header, 1 X 2, friction lock, for Divider and  DigiKey WM2744-ND
  Power & Comm. Board
CPC 1 CPC plastic chassis connector, 9POS DigiKey A9950-ND 

  Misc
HS1 1 Heat sink, 3.5 x 6 1/2 inches, cut down from stock on N/A
  hand for Rubidium package (may not be needed)
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Accuracy – The use of the one Hertz RFS 
reference signal provides a highly accurate 
and consistent time base for long-duration 
measurements and for time tagging.

Ease of Use – A small LCD display and 
selector knob, combined with a simple menu 
system, provides direct readout of measure-
ment results while allowing convenient 
selection of options such as intervals, modes, 
data archival and time setting.

Low Cost and Easy Assembly– The 
EPUT instrument costs under $50 and can be 
built in one or two weekend sessions.

Large Number of Options – Available 
features include the ability to perform an 
automated sequence of measurements and 
output the results to a serial port for plotting.

Compatibility with an Upgraded 
KE6F Divider Board – Bob Miller has 
designed an upgraded Divider Board that 
provides an improved mixer circuit and addi-
tional time base outputs for the instrument, 

thus enhancing the EPUT performance and 
simplifying its incorporation into an RFS. 
The new board is also directly compatible 
with the LPRO-101 oscillator module.

One objective in building and document-
ing the RFS was to allow readers to easily 
duplicate the results described in this article. 
To this end, the following are available from 
the QEX download site:3

•A front panel fabrication template in 
Front Panel Express format

• PCB fabrication files for the Divider 
Board and the EPUT motherboard in Express 
PCB format (including silk screen and solder 
mask options)

• Two reference manuals describing the 
construction, operation and test of the EPUT 
Module and RFS (including Divider Board 
construction and test)

The parts listings in Tables 1 and 2 should 
also help readers locate and purchase parts 
for the Divider and EPUT boards. The RFS 

Reference Manual and the EPUT Reference 
Manual from the download site also include 
complete parts listings, with cost estimates, 
for the RFS, Divider Board and EPUT 
instrument. A large amount of supplemen-
tal information about the EPUT processor 
board and its programming environment is 
also available for free download from the 
manufacturer.4

System Overview
Figures 3 and 4 show a block diagram of 

the EPUT measurement system and the sche-
matic for the EPUT Module. Figure 5 shows 
the assembled module consisting of the 
microprocessor, motherboard, LCD display 
and selector device (an incremental encoder 
with integrated pushbutton switch).

As shown in Figure 1, the EPUT instru-
mentation cluster is located between the fre-
quency output jack field and the Calibration 
Potentiometer. Reference and test signals 

Figure 3 – EPUT block diagram.
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are applied to the F1 IN and F2 IN jacks and 
the raw mixer output is available at the MIX 
OUT jack. An indicator next to the MIX 
OUT jack tracks the mixer output generated 
by the EPUT Module. These three jacks and 
the indicator are called the EPUT I/O cluster.

The OPTION display, located immedi-
ately to the right of the EPUT I/O cluster, is 
an inexpensive 8-character LCD that shows 
user options and measurement results. The 
SELECT knob, immediately below the 
LCD, allows the user to select and control 
EPUT functions.

As shown in Figure 3, the heart of the 
EPUT system is the microprocessor, mother-
board and LCD assembly (EPUT assembly). 
The LCD attaches directly to the mother-
board to provide a compact display/processor 
unit that can mount directly on the front panel 
of an RFS (Figure 2 shows the mounted 
EPUT module). The incremental encoder 
and its switch attaches to the motherboard 
with a cable and is typically mounted directly 
below the LCD display.

As shown in Figure 5 and illustrated in 
Figure 6, all EPUT I/O connections, includ-
ing those to the SELECT encoder and 
switch, are made with an IDC connector and 
a 30-conductor ribbon cable. The bottom of 
this connector is visible at the right side of the 
motherboard (the right most board) in Figure 
6. The EPUT module consists of the EPUT 
assembly, encoder assembly and I/O cabling.

User options are displayed sequentially 
on the LCD by rotating the incremental 
encoder. Options are selected by pressing the 
encoder’s switch while the desired option is 
displayed. Because of the large number of 
available options, the EPUT system supports 
three menu levels. This simplifies operation 
by minimizing the number of choices on 
each level while allowing multiple options 
for each major function.

For example, to perform an EPUT mea-
surement, the “EPUT” option is selected 
from a main menu that offers only two other 
options.

As shown in Figure 3, the two signals to be 
measured are connected to BNC jacks on the 
RFS front panel. Typically, one signal, F2, is 
the reference oscillator and the second signal, 
F1, is the signal to be measured. The reference 
is usually an RFS output derived from the 
rubidium reference oscillator.

After conditioning on the Divider Board, 
the F1 and F2 signals are applied to a mixer, 
also on the Divider Board. The conditioning 
and mixer circuitry are shown in Figure 9, 
the Divider Board schematic. As shown in 
Figure 3, the output of the mixer is applied to 
the EPUT Module which further conditions 
the mixer output. This conditioned signal 
is used to provide the “events” input to the 
EPUT software.

Figure 5 – Assembled EPUT module.

Figure 6 – Top views of ToolStick and EPUT motherboard.

The “per unit time” signal is derived from 
the one Hertz output of a divider chain driven 
by the rubidium reference module (e.g., an 
FRS or LPRO-101 unit, as discussed in the 
KE6F article). The divider chain and signal 
conditioning circuitry for the rubidium refer-
ence are also contained on the Divider Board, 
as given in the Figure 9 schematic.

After synchronizing the one Hertz time 
base and the event signal, the EPUT instru-
ment counts events and displays them on the 

LCD as the measurement progresses. These 
event counts are alternately displayed along 
with total elapsed time until the measurement 
is complete. In this “Single” measurement 
mode, measurement results are alternately 
displayed until the user presses and holds 
down the encoder pushbutton to terminate 
the measurement. To alert the user that a final 
measurement is available, the EPUT Module 
flashes the backlight in a distinctive “flutter” 
pattern consisting of a number of short flashes 
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at an interval of several seconds.
A “Repeat” measurement option is also 

available. With this option, measurement 
results are briefly displayed, with a flutter, 
after which another measurement automati-
cally starts. All measurements using either 
the “Single” or “Repeat” options are stored in 
a small Report database in the microproces-
sor’s memory. This allows the measurements 
to be reviewed later either individually or as a 
coordinated time tagged sequence.

As shown in Figure 3, an RS-232 serial 
link is also available. All measurements, 
whether collected using the Single or Repeat 
options, are output on the serial link, in 
comma-delimited format, as the measure-
ment is performed. This also allows measure-
ments to be displayed on a serial terminal 
as they are performed, thus eliminating the 
need to record or remember or manually 
record the results of multiple measurements. 
The entire contents of the microprocessor’s 
database can be dumped to the serial port and 
captured by a terminal program for import to 
a spreadsheet.

In addition to the “Run EPUT” option, the 
EPUT menu offers the following secondary 
menu options:

Interval – Measurement intervals for 
the “Run EPUT” option can be selected, in 
decade increments, from 1 second to 100,000 
seconds.

Report – Using the Report option, the 
database, consisting of a series of time-
tagged Single or Repeat measurements, can 
be cleared, viewed on the LCD or output to 
the serial port.

Schedule – The Schedule option offers 
either Single (manually initiated) or Repeat 
(automatically sequenced) measurements for 
the Run EPUT option.

Except for the Main Menu, all second 
and third level menus include an option to go 
back to the previous menu level. This option 
is indicated on the LCD as a back arrow (i.e., 
“ ”). Also, all menu options are displayed 
circularly so that either clockwise or counter-
clockwise rotation of the SELECT knob 
repetitively shows all menu options in for-
ward or reverse sequence. To further simplify 
menu navigation, previously selected options 
are remembered. Thus, on return to a menu, 
the first item displayed is the last option that 
was selected on that menu.

Additional Features
Because the EPUT Module receives a 

highly-accurate one Hertz signal derived 
from the rubidium source, several other “con-
venience” features were incorporated into the 
EPUT system:

Clock – A real-time, 24-hour clock is 
available to provide an accurate time display. 
The Clock menu allows the user to display 
the current time or to set it. Time is main-

Figure 7 – ToolStick Base Adapter (USB Programmer).

Figure 8 – Mixer input signal conditioning.

tained even during EPUT measurements. 
Also, because of the availability of a time 
reference, each EPUT measurement is time-
tagged before it is entered into the database or 
output to the serial port.

Timer – A timer function provides an 
output that can activate a heavy-duty relay. 
Menu options allow the on and off times to 
be independently set, up to an interval of 24 
hours (each). The timer can operate in either 
a one-shot or a continuous mode, as selected 
by a menu option. Timer operation is also 
independent of the EPUT and Clock options.

Hardware Design
Although the EPUT instrument offers a 

relatively large number of options, the hard-
ware design of the EPUT Module is rela-
tively straightforward because most features 

are implemented in software. The processor 
board, a ToolStick 362 manufactured by 
Silicon Laboratories, provides most of the 
hardware needed for the EPUT Module. 
A small motherboard provides mount-
ing for the Toolstick and LCD in addition 
to a small amount of signal conditioning. 
Figure 6 shows the processing components 
of the EPUT assembly, consisting of a 
ToolStick 362 and the EPUT motherboard 
side by side. Figure 5 shows the two boards 
mated with the LCD display, encoder assem-
bly and I/O cabling to form the complete 
EPUT module.

The ToolStick was used for the EPUT 
processor because:

Packaging – The ToolStick board is small 
(1.5 inches by 2 1/4 inches) and provides easy 
access to both I/O and a programmer.
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Inexpensive and Commonly Available 
– The ToolStick costs approximately $10 in 
single quantities and can be purchased from 
DigiKey or Mouser

Easy Access to I/O and Mounting – All 
port I/O is brought out to 0.1 inch-spaced 
pads in three adjacent rows of eight pads each 
(see the top left of ToolStick, shown in Figure 
6). By soldering stake pins to the board, the 
ToolStick can be mounted and wired on stan-
dard perforated board or, in the case of EPUT, 
piggybacked on a small custom motherboard 
(Figure 6 shows the motherboard with socket 
rows for ToolStick attachment).

Large I/O Count – The 362 ToolStick 
provides 25 I/O pins which can be configu-
red either as digital or as analog I/O.

High Functionality and Flexibility – Of 
particular usefulness for the EPUT project 
are two on-board comparators with pro-
grammable hysteresis. Also, digital outputs 
can drive approximately 15 mA and digital 
inputs are 5-V tolerant. A wide variety of 
other features such as A/D and D/A con-
verters, programmable counter chains and 
100 MHz clocking (using an on-board PLL) 
are available for future upgrade and expansion.

8051 Instruction Set, Free Tools – 
Because the author is familiar with the 
8051 instruction set, development time was 
reduced. There are also various free software 
tools for the 8051, including an assembler 
and feature-limited Keil C compiler avail-
able from the manufacturer.

Interactive Development – The author 
prefers to interactively develop software 
using a serial tether to the target micropro-
cessor (362 ToolStick). The availability of 
an on-chip UART and access to the proces-
sor’s reset line both facilitate this kind of 
development.

Inexpensive Programmer – A USB-
based “base adapter” programs the ToolStick 
and costs under $20 from either DigiKey 
or Mouser (see Figure 7 and Table 1). A 
free Integrated Development Environment 
(IDE) from Silicon Laboratories integrates 
development tools such as assemblers or C 
compilers and also allows easy ToolStick 
programming. Programming the ToolStick 
requires only that the development software 
be capable of producing a program image 
file, such as an Intel HEX file.

Large Flash and RAM Memory – The 
C8051F362 processor on the ToolStick has 
32K of flash memory, 256 bytes of direct 
RAM and 1024 bytes of on-board RAM 
mapped as 8051 “external” RAM. This is 
more than sufficient for a project of this size 
(EPUT uses approximately 8K, including a 
bootloader and a small tethering interpreter).

Motherboard
A motherboard provides a mounting 

platform for the ToolStick, the LCD display 

and an I/O connector. A small number of 
parts mount on the motherboard to provide 
signal conditioning, a reset pushbutton and 
MOSFET drivers for the timer relay and 
LCD backlight. Figure 4 shows the EPUT 
motherboard schematic, including the I/O 
connections to the ToolStick shown in the 
inset.

As shown in the schematic, most of the 
motherboard I/O is connected through J1, 
a 24-pin IDC header. This type of connec-
tion allows all EPUT I/O to be disconnected 
from the EPUT motherboard assembly by 
simply pulling the ribbon cable connec-
tor plugged into J1. Cabling to and from 
the EPUT module consists of wire groups 
stripped out from the ribbon cable. The wir-
ing at J1 is arranged so that cables, includ-
ing grounds, can be formed by stripping out 
groups of adjacent wires. For example, the 
cable going to the Selector assembly consists 
of six wires from J1 pins 9 to 14. These carry 
3.3 V, ground, encoder switch, encoder B and 
A phases and a second ground (respectively). 
Figure 5 shows these connections terminated 
at the incremental encoder assembly (note: 
3.3 V is unused but shrink wrapped to the 
cable end).

Another cabling example is the one 
Hertz input signal from the Divider Board: 
it connects to a two-wire “cable” going to 
J1 pins 19 and 20. This one Hertz reference 
signal (labeled “1HZ-IN” on the schematic) 
is clipped by R5 and diode array D2 before 
being routed to port zero, bit 7 (P0.7) on the 
ToolStick board. Similarly, the input from 
the mixer connects to J1 pins 7 and 8 and is 
conditioned by R2, R3, R4, D1 and C6 before 
being applied to a comparator connected to 
P1.0 and P1.1 (a grounded input for single-
ended operation). The comparator condition-
ing consists of a diode array and resistor, 
R2, to clip the input signal to approximately 
+/- 0.6 V. This clipped signal is further 
reduced by R3 and R4 to limit the negative 
swing to approximately 0.25 V, as recom-
mended in the datasheet.

Capacitor C6, across the comparator 
input, forms a simple RC filter to limit the 
“events” signal to only the lower-frequency 
components of the mixer output. The raw 
mixer output can contain a large number 
of high frequency products due to mixing 
square waves. This amount of RC filtering 
has proven adequate for most measure-
ments, noticeably rolling off signals above 
1000 Hertz. Also, the processor’s interrupt 
routine only detects EPUT events in one 
millisecond intervals, further limiting input 
response. Figure 8 is a screen shot showing 
the mixer input (the noisy sine wave), the one 
Hertz reference signal (the higher frequency 
square wave) and the comparator output (the 
low frequency square wave). Note the volt-
age scaling for each signal. For this photo, 

the unconditioned comparator input was 
approximately 6 V, peak to peak.

The LCD module connections are shown 
at the left side of the schematic in Figure 4 and 
illustrated in Figure 5 (the LCD is located near 
the bottom of the figure). The LCD is designed 
for a 3.3 V supply and its power directly con-
nects to the regulated output of the ToolStick. 
The LCD also directly connects to Port 2 of the 
processor. One port bit, P2.5, drives the gate of 
a MOSFET that controls the white LCD back-
light. Although the backlight is designed to 
operate from 3.3 V, it was connected through 
a limiting resistor, R8, to the pre-regulated 5 
V input to the motherboard. This reduces the 
current through the ToolStick’s 3.3 V regulator 
and allows the backlight to be used for indica-
tion (e.g., flashing it to signal that a measure-
ment is complete).

Installation of the reset switch (shown in 
the upper left corner of Figure 4) is optional: 
it is only needed for interactive development. 
Most users will program the ToolStick with 
the Intel HEX file from the QEX download 
site at www.arrl.org/qexfiles.

ToolStick
The ToolStick circuitry is given in 

Silicon Laboratories ToolStick C8051F362 
Daughter Card User’s Guide referenced in 
the notes. As mentioned earlier, the board 
contains a complete microprocessor system 
with a processor, programming connec-
tor, regulator, power indicator and 0.1 inch 
spaced pads for I/O connections. Before the 
ToolStick can be mated to the motherboard, 
rows of IDC stake pins must be mounted on 
the back side of the board. The soldered ends 
of the three rows of connectors for I/O ports 
are shown in Figure 6, near the top left of the 
ToolStick board. Another 4-pin row of stake 
pins provides additional signals, including 
regulated power, ground and reset. The sol-
dered ends of these pins are shown in Figure 
6 in the middle right of the ToolStick.

These pins mate to the IDC socket pins 
on the motherboard, also shown in 
Figure 6. A short wire jumper is installed 
between the input of the 3.3 V regulator 
on the ToolStick and pins 1 and 3 of J1 on 
the motherboard. This jumper is a short 
piece of wire wrap wire soldered directly to 
the regulator’s input pin and held in place 
with a small dab of a clear flexible adhesive, 
E6000®, available from a number of outlets 
such as hobby shops and craft stores. This 
particular adhesive was used because it is 
flexible enough to relieve any strain on the 
jumper but can also be easily removed. The 
jumper is shown at the bottom of Figure 6.

The ToolStick must be programmed 
before being mated to the EPUT mother-
board. If updates to the EPUT software are 
required, the ToolStick can be detached 
from the motherboard before re-program-
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ming. This is not much of a problem not 
only because it is rarely necessary but also 
because the EPUT assembly can be easily 
detached from the front panel and its I/O con-
nector. During development, EPUT updates 
were performed via a serial tether and the 
reset switch on the motherboard. When the 
EPUT module is mounted to the front panel, 
the reset switch faces upward and is easily 
accessible. Thus, tethered programming does 
not require EPUT module disassembly.

Once the ToolStick and motherboard 
are mated to form an EPUT assembly, the 
LCD can be directly connected to the moth-
erboard. As shown in Figure 5, the LCD 
attaches to an 11-pin right angle header on 
the motherboard. A mating 11-pin header 
socket, mounted on the back of the LCD 
board, connects it to the motherboard.

The EPUT assembly mounts to the front 
panel by gluing the LCD’s metal escution 
plate to the panel using a thin coat of E6000® 
so that the LCD glass is centered over the 
OPTION cutout. This process requires some 
care but is not particularly difficult. The 
mounting procedure is described in more 
detail in the EPUT Reference Manual.

A ribbon cable connected to the mother-
board’s J1 connector completes the assembly 
of the EPUT module. Connections to the 
EPUT input signals are made with paired 
wires split out from the cable. These con-
nect to the MIX OUT jack on the front 
panel and to the one Hertz reference signal 
from the Divider Board. These signals are 
shown in the Figure 4 schematic as the MIX 
IN and 1HZ-IN signals at the upper right of 
the sheet. These connect to J1 pins 7 and 19, 
respectively. As mentioned earlier, connec-
tions are made by stripping out adjacent wire 
pairs from the ribbon cable. Note that this 
pairing is facilitated by connecting most of 
the even pins of J1 to ground.

Other connections from J1 are performed 
in a similar manner, as follows:

Mixer LED – The MIX-LED output 
drives a blue indicator LED adjacent to the 
MIX-OUT connector on the EPUT I/O 
cluster.

Select Control (Encoder and Switch) 
– The A and B signals from the Selector’s 
incremental encoder connect to J1 pins12 
and 13 (these are internally pulled up at the 
microprocessor). The pushbutton switch on 
the Selector connects to J1 pin 11.

RS-232 – The logic-level RS-232 sig-
nals connect from J1 pins 15 and 16 to the 
level converter on the Divider Board through 
the Power and I/O connector (also see  
Figure 10, the Power and Comm. Board 
schematic).

Timer Output – The open drain TMR-
OUT output from the timer FET, Q2, con-
nects to J1 pin 23. This typically wires to the 
“cold” side of the timer relay’s coil. Note that 
Q2 (and a small current limiting resistor, R6) 
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mount on the motherboard. The FET is rated 
at 60 V at 2.6 A (despite its small SOT-223 
package) and can thus be used to drive other 
types of loads.

As shown in Figure 5, the SELECT 
control mounts on a small piece of vector 
board. This mounting method was used to 
prevent the body of the control from pushing 
out from the mounting tabs on the frame. If 
this happens, the control will become loose 
and the switch may not activate. The vec-
tor board provides a backstop for the body 
when the mounting tabs are soldered to the 
vector board. This mounting method is a bit 
“fussy” and the problem can be more easily 
solved by soldering a large piece of solid 
wire between the two tabs on the frame. 
With this method, the ribbon cable wires can 
also be directly soldered to the encoder and 
switch terminals.

Software
The software for EPUT is relatively 

straightforward with most of the critical 
work being performed in an interrupt ser-
vice routine operating at a one millisecond 
interval. Code executed in the service routine 
includes the following: 

Encoder Update – Incremental encoder 
changes are detected and used to update 
a count maintained in several direct cells. 
This count is retrieved by the menu system, 
clipped and translated to provide a range 
suitable for the current menu selection 
(e.g., 0 to 5 for a 5 item menu with a return 
option).

Event Update – A single routine checks 
for critical event changes such as a low to 
high transition on the EPUT count, expira-
tion of timing intervals and time changes. 
Timing interval and time changes are trig-
gered by the one Hertz reference signal. 
Multiple cell counters accumulate raw 
counts which are converted, as necessary by 
user routines (e.g., the clock display).

Overhead  – Interrupt overhead
operations include interrupt manage- 
ment, saving the procesor state and reload-
ing the interrupt timer.

Because the processor uses an inter-
nal 24.5 MHz clock, interrupt overhead is 
minimal (approximately 10 microseconds). 
Because of this, the 100 MHz clock option 
was not used. Most user routines execute 
very quickly, particularly the menu system 
which is triggered only on changes to the 
encoder (i.e., by monitoring a flag main-
tained in the interrupt routine).

Although the programming file for the 
ToolStick 362 is included in the down-
load material, source code is not. This is 
not because I cannot release the code but 
because I develop in a radically simplified 
version of serially-tethered, interactive Forth 
that is specifically targeted for 8051 proces-

sors. This was developed by a friend, Charley 
Shattuck, based on recent Forth improve-
ments suggested by Chuck Moore, the inven-
tor of Forth. The source code is available to 
anyone who is interested.

Divider Board
One feature of the RFS described in the 

original KE6F article was a Rubidium Post 
Processor (called the Divider Board in this 
article). The Divider Board conditions the 
output of the rubidium source and divides it 
down to provide front-panel outputs at vari-
ous frequencies. There were several minor 
deficiencies with this board, most notably the 
lack of input and output conditioning for the 

SRA-1 mixer signals.
Bob Miller developed an improved 

Divider Board specifically designed to cor-
rect the problems with the original board 
and to be compatible with the new EPUT 
instrument. This board includes the follow-
ing features:

Improved Output Buffering - A 
74HCT244 is used in place of a 74LS241.

A 10 MHz Utility Crystal Oscillator 
– This oscillator can be used for RFS and 
EPUT setup and testing, as described in the 
RFS and EPUT reference manuals.

Improved Mixer Conditioning – Mixer 
conditioning provides a higher level and more 
consistent input to the mixer, including logic-

Figure 12 – Assembled Divider board.

Figure 11 – Top view of bare Divider board.
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level conditioning for the reference signal and 
analog conditioning for the test signal.

I m p r o v e d  R u b i d i u m  S i g n a l 
Conditioning – The input conditioning cir-
cuit for the 10 MHz rubidium input signal 
was changed to use a logic gate instead of 
discrete parts.

Direct Compatibility with a LPRO-101 
- A 10-pin connector on the Divider Board 
can be directly connected to a LPRO-101 
module (FRS modules also connect, but not 
directly, at this connector).

Improved Power Supply Circuitry – 
The power regulators are now integrated on 
the Divider Board and positioned so that they 
can be connected to a single heat sink. A 
12 V regulator provides an auxiliary 12 V 
and helps to dissipate heat when regulating 
down from 24 V to 5 V. The 5 V regulator 
provides power to the Divider Board and 
also provides pre-regulated power to the 
EPUT Module. An optional 3.3 V regulator 
provides power to circuits that may require 
this voltage.

Simplified Connections - A single I/O 
connector now provides all frequency out-
puts and a buffered output for a Lock indi-
cator. Individual keyed connectors provide 
cable connections to the power supplies and 
the mixer module.

RS-232 Signal Conditioning – The 
Divider Board includes a serial I/O level con-
verter for the EPUT Module

Silk Screen & Solder Mask – The 
board fabrication file includes silk screen 
and solder mask information to allow order-
ing with this option which greatly facilitates 
assembly.

As outlined above, the Divider Board 
provides a mixer, a decade divider chain, a 
test oscillator and RS-232 level conversion 
for the EPUT Module. Figure 9 shows the 
Divider Board circuitry and Figure 10 shows 
the RS-232 level conversion circuitry. For 
the EPUT project, the circuitry shown in 
Figures 9 and 10 is implemented on a single 
board consisting of two board footprints 
joined together on a standard 2.5 inch by 
3.8 inch Express PCB board template. 
Figure 11 shows the top side of the bare 
Divider Board and Figure 12 shows the 
assembled board. The construction and 
mounting of the Divider Board is covered in 
detail in the Rubidium Frequency Standard 
Manual. Table 2 provides a parts list for the 
Divider Board.

As shown in Figure 9, the divider chain 
circuitry is relatively straightforward with 
U6A and U6B conditioning the signal from 
the rubidium module and feeding the logic 
level output, through JP1, to the divider 
chain and buffer U11A. The unconditioned 
signal from the rubidium module is input to 
the Divider Board through J2, configured to 
directly connect to a matching connector on 
the LPRO-101 rubidium module. Figure 13 

shows signal conditioning for an FRS model 
rubidium frequency source.

The divider chain can be driven by a buff-
ered 10 MHz crystal-controlled test oscillator 
formed by gates U6C and U6D. The buffered 
output at U6D is fed to JP1 so that it can be 
routed to the divider chain with a jumper 
between pins 2 and 3 (the “X” position). A 
small trimmer capacitor, C17, allows oscil-
lator frequency adjustment (it is the small  
trimmer at the upper left of Figure 12).

The divider chain is similar to the one 
described in the original KE6F article but it 
has been expanded to provide additional out-
puts of 500 kHz and 25 kHz. The buffering 
has also been improved with 74HCT244 buf-
fers instead of the original 74LS241 buffers. 
The buffered divider chain outputs are fed 
through limiting resistors to J1. The value of 
these resistors was a compromise between 
waveform quality and protection. According 
to the datasheet, these limiters are not suf-
ficient to protect against prolonged shorts at 
the output jacks, but the outputs have been 
inadvertently shorted without damaging the 
buffers. As with the single connector I/O 
used on the EPUT motherboard, almost all 
Divider Board outputs are fed from J1 to 
allow all signals to be disconnected at the 
same time. The use of this “single I/O con-
nector” technique has greatly simplified the 
EPUT project and is now routinely used in 
other projects to eliminate connector clutter 
and simplify PCB connections. In Figure 12, 
J1 is the 2 x 15 header near the right side of 
the board. From J1, frequency outputs feed 
to front panel BNC jacks with tightly twisted 
wire pairs stripped out of the ribbon cable. 
Figure 14 shows the wiring from J1 on the 
Divider Board to the output jacks on the 
detached front panel assembly.

Figure 13 – Divider board signal conditioning for an FRS output.

One problem with the original RFS was 
the method of reducing the 24 V from the 
main power supply to 5 V for the divider 
circuitry. In the original scheme, the higher 
voltage was reduced using a single 5 V regu-
lator and a large heat sink. Because of the 
size and heat dissipation requirements, the 
regulator was external to the Divider Board. 
With the new Divider Board, an additional 12 
V, TO-220 regulator, U7, reduces the input 
voltage to the 5 V regulator, U8. The regula-
tors now all mount on the Divider Board and 
are aligned so that they can use a common 
heat sink.

Power is fed to the board from J4. A sec-
ond header, J5, allows the 24 V input to be 
daisy-chained to other 24 V circuitry (not 
currently used). At the output of the 5 V 
regulator, J10, provides power for the EPUT 
Module (see the middle left board edge in 
Figure 12). The board also includes cir-
cuitry for an optional 3.3 V, TO-92 regulator 
(immediately above J10 in Figure 12). This 
regulator is populated but not currently used.

An SBL-1 (or SRA-1) mixes the refer-
ence and test signals to provide the low-fre-
quency event signal fed to the EPUT Module. 
The reference signal, F2-IN, is connected at 
J6. This input is labeled “REFIN” near J2 
and the trimmer capacitor in Figure 12. The 
signal is buffered by a gate, U6E, and limited 
by R1 before it is applied to a mixer input. 
The test signal is input at J7 and converted 
to a logic level signal by R2, R3 and U6F 
before being applied to a mixer input through 
limiting resistor, R4 (see the RF-IN signal at 
U12 pin 1). In Figure 12, the mixer is near 
the bottom left of the board with the J9 mixer 
output just below it at the board edge. Note 
a silk screen error: J9 is labeled J6. This has 
been corrected in the fabrication file available 
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for download. The input connection for the 
unconditioned test input is at J7, just above 
the mixer.

The Divider Board mounts to the front 
panel with a U-shaped bracket. A small lip 
on the back part of the bracket is used to 
attach the regulators so that the entire bracket 
can be used as a heat sink. The front part of 
the bracket is drilled to fit over the two BNC 
jacks used for the F1 IN and F2 IN inputs. 
This places the board near the two rows 
of front panel frequency output jacks. The 
bracket mounting and cabling to the output 
jacks is shown in Figure 14 (the bracket is 
under the two BNC connectors at the top 
left). This placement allows short, direct and 
convenient wiring to the front panel jacks, 
the EPUT I/O cluster and the EPUT Module. 
Figure 2 shows the general placement of the 
Divider Board, near the middle of the panel.

Enclosure
The RFS hardware is installed in a stan-

dard Hammond 2U rack-mountable enclo-
sure (see the Table 1 parts list). Figure 2 
shows the general layout. The power wiring 
is located near the left side of the chassis to 
isolate it from the rest of the assemblies. A 
Corcom ac receptacle and filter assembly 
mounts on the far left of the back panel. The 
fuse holder is adjacent to this.

Wiring between the front panel power 
switch and the I/O connections on the 24 V, 
4 A switching supply is largely performed 
with color coded #16 wires with crimp con-
nectors on the ends. The switching supply 
mounts just in back of the two rows of BNC 
connectors for the frequency outputs.

The FRS rubidium oscillator module 
mounts approximately in the middle of the 
back panel. As mentioned in the original 
KE6F article, this module requires a sub-
stantial heat sink. To provide good thermal 
contact with the rubidium oscillator module, 
the paint was scraped off underneath the 
module with a Dremel®  tool fitted with a 
sandpaper “flapper” attachment. Similarly, 
paint was removed underneath the heat sink 
on the outside of the back panel. The module 
and the heat sink were mounted with heat 
sink compound in the normal manner. The 
heat sink was cut down on a band saw from 
a larger heat sink removed from an old linear 
power supply (the remainder of the heat sink 
used for Bob Miller’s unit). The use of such 
a large external heat sink is overkill and the 
back plate itself may provide enough heat 
removal (not tried). The heat sink is barely 
warm to the touch, even after days of con-
tinuous operation.

The Divider Board mounts on the front 
panel, near the middle and the EPUT I/O 
cluster. The EPUT module mounts just to the 
right of the Divider Board.

A ten turn calibration potentiometer for 

Figure 14 – Divider board frequency output wiring.

the rubidium module mounts on the far right 
hand side of the panel, just above a green 
LOCK LED.

The timer relay mounts in the middle right 
of the enclosure with a relay socket. Relay 
power is fed from the main power supply via 
a screw-down Euro terminal block mounted 
on the right end of the power supply (not vis-
ible). Both the relay and the power distribu-
tion block are mounted to the bottom plate 
with E6000® adhesive. Other terminal blocks 
are also mounted on the chassis bottom with 
adhesive to simplify interconnection (as 
described the RFS Reference Manual). A 
suppressor diode is wired directly across the 
relay coil by soldering it to the crimp connec-
tor wires from the power distribution block. 
Relay contacts wire to the plastic CPC con-
nector on the back panel (this connector can 
be seen next to the FRS module in Figure 2).

A column of three BNC connectors 
mount on the far right of the back panel. The 
top jack provides a convenient back panel 
distribution point for the 10 MHz output to 
other instruments (this signal is also echoed 
on the front panel). The connection to the 
back panel jack is provided by a shielded 
cable, routed along the bottom edge of the 
chassis, to the 10 MHz output jack on the 
front panel. The two remaining jacks below 
the 10 MHz output jack allow the EPUT to 
run from an external one Hertz reference. 
The middle jack wires to the one Hertz out-
put from the Divider Board and the bottom 
jack wires to the 1HZ-IN signal on the EPUT 
motherboard. Normally, these two jacks are 
connected together with a short coax jumper 
so that the EPUT instrument uses the internal 
one Hertz reference. Detailed instructions for 
duplicating the RFS shown in Figures 1 and 
2 are provided in the RFS Reference Manual.

 Using EPUT
The following briefly describes how 

to use some EPUT functions, but is not 
intended as a complete users’ guide; the 
EPUT Reference Manual provides this, 
including the timer function which is not 
described below.

The following two examples illustrate 
the use of most of the remaining functions, 
including how to use the serial data output to 
import measurement results to a spreadsheet 
and plot them.

The first example shows how to use the 
EPUT instrument to initially adjust a high-
stability oscillator using the one Megahertz 
output of the RFS. The second example 
shows how to monitor the startup drift of the 
oscillator.

The test oscillator used in this example 
is a military surplus model O-1267A/USM-
207 one Megahertz oven-stabilized crystal 
oscillator. As will be seen, these oscillators 
are highly stable and can often be purchased 
very reasonably on eBay or at swap meets.

To provide the reference frequency, con-
nect the 1 MHz front panel output to the 
F2-IN input with a short coax jumper. This is 
the buffered signal from the one Megahertz 
output of the Divider Board.

For the test input, connect the sine-wave 
output of the test oscillator to the F1-IN 
input. The test input is converted to a square 
wave on the Divider Board, as described ear-
lier, before being applied to one of the mixer 
inputs.

The first step in the test setup is setting 
the EPUT clock. This ensures that mea-
surement data is accurately time-tagged. To 
set the time, select the “Clock” option on 
the main menu by rotating the front panel 
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SELECT knob until it reads “Clock” with 
a blinking solid cursor on the first character. 
To aid menu navigation, a blinking cursor 
denotes all main menu options. Pressing the 
SELECT knob while “Clock” is displayed 
selects the “Clock” menu (a second level 
menu). The process of rotating the SELECT 
knob and pressing it is called “select” or 
“selecting.”

On the Clock menu, selecting the “Set 
Time” option displays the current time in 
24-hour format with an underline cursor on 
the “hours” digits (e.g., 23:34:30). The hours 
are set by rotating the SELECT knob to 
display the available “hours” digits (1 to 23) 
and pressing the SELECT knob, similar to 
the select process described above for menu 
options. Once the current hour is selected, the 
cursor automatically moves to the “minutes” 
field where the minutes (1 to 59) choices 
can be displayed and set with a knob push. 
Seconds selection is similar to that used for 
hours and minutes but, after the seconds 
are selected, the current time is actively dis-
played so that it can be verified against the 
setting source. Once set, the clock continues 
to run in the background regardless of the 
current function (e.g., an EPUT measure-
ment or timer cycle).

A knob press while the current time is 
displayed returns to the “Set Time” option 
on the Clock menu. Pressing the knob while 
a function is active is generally used to 
exit most functions. On return to the Clock 
menu after exiting the time display, select-
ing the “back arrow” option returns to the 
main menu. The selecting the “back” option 
always returns to the previous menu (there is 
no “back” option on the main menu).

To set up for an automatic sequence of 
measurements, select the EPUT option on 
the main menu to bring up the EPUT menu. 
On this menu, selecting the “Interval” option 
progresses to a third level. Interval options 
are the “per unit time” part of EPUT and 
range from 1 second to 100,000 seconds. 
For oscillators reasonably close to one of the 
frequency outputs, the 100 second or 1000 
second intervals are usually appropriate.

The first example uses a 100 second inter-
val to reduce adjustment time while provid-
ing a useful number of counts (an unadjusted 
oscillator can generate tens or hundreds of 
counts in that interval). After selecting the 
interval, return to the EPUT menu.

To set up an automatic sequence, select 
the “Schedule” menu option on the EPUT 
menu. On the Schedule menu, select the 
“Repeat” option and return to the EPUT 
menu. Note that the default option for EPUT 
measurements is “Single”, the second option 
on the Schedule menu. With this option, a 
single measurement is performed and the 
results are displayed until the user exits back 
to the EPUT menu by holding the SELECT 
knob down for several seconds.

The EPUT instrument is now ready to per-
form measurements. For the adjustment test 
illustrated here, the oscillator was allowed to 
stabilize for several days. With the oscillator 
stabilized, select the “Run EPUT” option.

At the start of an EPUT measurement, the 
selected interval is briefly displayed, followed 
by a “synching” message. All measurements 
start by synchronizing the one Hertz reference 
signal and the mixer output. This ensures that 
measurements are performed under the same 
conditions. This is particularly important for 
an automated sequence of measurements over 
long intervals.

The synchronization process consists of 
waiting for the mixer output to change from 
low to high and then starting the measure-
ment on the next low to high transition of the 
one Hertz reference signal. This process can 
be observed by waiting for the LED next to 
the MIX OUT jack to light. For users not 
installing this monitoring LED, the status of 
the mixer output is also indicated by a cursor 
on the LCD: an underline cursor on the first 
character indicates a “high” mixer output and 
no cursor indicates a “low” mixer output. 
Note that for very small frequency differ-
ences the synchronization process may take 
many minutes.

Once synchronization is complete, EPUT 
measurements start. When a measurement is 
in progress, the display alternates between the 
total number of counts and the total number of 
seconds (denoted by an “s” suffix). At the end 
of each measurement, a “DONE!” message is 
displayed, followed by the alternating mea-
surement results. To flag the end of a measure-
ment, the display backlight is rapidly flashed 
(a “flutter”). For Single measurements, the 
alternate display of measurement results and 
the flutter continues until the user manu-
ally exits. For automated measurements, the 
results are displayed once (with a flutter) and 
the measurement automatically continues.

At the end of each measurement, the 
results are saved in the Report database and 
are also sent to the serial port. Thus, the 
progress of a measurement sequence can 

be monitored by observing the results on a 
terminal program. Alternatively, results can 
be observed at the end of a measurement 
sequence by selecting the “Report” option 
on the EPUT menu and then selecting the 
“Send” option on the Report menu. This 
sends the entire database to the serial port for 
terminal display or for capture to a file.

Figure 15 is a plot of the oscillator adjust-
ment test. These results were produced by 
using the “Send” option on the Report menu 
to capture results in a text file and plot it with 
a spreadsheet. This spreadsheet is also avail-
able for download at the QEX download site 
at www.arrl.org/qexfiles. The spreadsheet 
includes a description of the plotting pro-
cedure including how to capture, input and 
format the data.

To ensure accuracy, the spreadsheet for-
mulas calculate the total interval between 
the start of one measurement and the start of 
the following measurement. This is because 
the time differences in a 100 second interval 
can be 20 seconds or more due to the time 
needed for the synchronization process. Note 
that, with the interval correction, the low to 
high transition that initiates a synchroniza-
tion can rightly be attributed to the previous 
measurement. This is also corrected in the 
spreadsheet formulas. Normally, adequate 
information is provided with a plot of the raw 
count and interval data.

In Figure 15, note the sharp dip in the 
counts when the coarse adjustment changes. 
As shown, the course adjustment was used 
to take the total frequency error to approxi-
mately 5 events per 100 seconds (five parts in 
10-8 at one Megahertz). After course adjust-
ment, the interval was set to 1000 seconds 
and the oscillator was adjusted to 0 events 
per interval. Finer adjustment is possible with 
a 10,000 second interval, but this requires 
great patience.

Figure 16 shows the results of a second 
follow up test to measure how closely the 
oscillator frequency returns to a low frequency 
difference after a cold start. As shown, the 
oscillator stabilized to one part in 10-9 within 

Figure 15 – Oscillator adjustment test results.
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about 24 hours. Without EPUT, each manual 
measurement would take more than 16 min-
utes and there would be a potential error of 
one count due to inconsistent synchronization.

Conclusion
The EPUT instrument has proven to be 

invaluable in evaluating the performance 
of oscillators against signals derived from a 
rubidium reference oscillator. It allows mea-
surements that would otherwise not have been 
attempted due to the difficulty of manually 
observing indicators and using crude interval 
measurements. It has been used to observe the 
frequency difference between two rubidium 
oscillators and adjust them to closely agree 
with the CALIBRATION control.

I was surprised at the performance, 
compactness and ease of use of the finished 
product. In addition to being small enough 
to incorporate into existing references, it can 
also be packaged as a standalone instrument. 
The Timer and Clock functions may also be 
useful in a standalone instrument.

For users wanting to build a unit similar 
to my RFS with an integrated EPUT instru-
ment, the panel and PCB fabrication files 
should allow close duplication. For those 
wanting to use the specified cabinet but to 
rearrange the front panel, a blank front panel 
template is also available from the QEX 
download site at www.arrl.org/qexfiles. 
Browsing the EPUT and RFS manuals fur-
ther supports alternative packaging and con-
struction by providing detailed assembly, test 
and operating instructions.

As with any microprocessor based instru-
ment, there are a number of features I could 
have added, such as the ability to save configu-
ration items in flash memory. Some of these 
features were implemented and subsequently 
removed to ensure that the instrument was 
easy to use for the most fundamental and com-
monly performed measurements. However, I 
will carefully consider suggestions that may 
improve the functionality of the instrument.

The PCB fabrication files for the EPUT 
motherboard and the Divider Board produce 
multiple boards, making this project a candi-
date for group construction. Some individual 
builders may be interested in the availability 
of single Divider Boards or EPUT mother-
boards. I do have a limited number of these 
and may make additional board runs if there 
is sufficient interest. 

Bob Nash, KF6CDO, first became interested 
in electronics in grade school when he built a 
one-transistor soap box radio and a crystal set. 
In his early teens, Bob started playing plectrum 
banjo and earned an Amateur Radio license 
(KØEYL). These interests ultimately lead to 
pizza parlor gigs during his college years and, 
in 1967, an Electrical Engineering degree from 
the University of Colorado.

After graduation, Bob moved to California 
and worked as an engineer in Silicon Valley 
and Sacramento. He also added a P.E. and 
Masters degree in Cybernetics to his resume.

Bob’s primary technical interests are indus-
trial controls, software engineering, digital 
signal processing and telecommunications.

Bob is now retired, but is still actively 
engaged in Amateur Radio, microprocessor 
programming and tinkering with small gadgets. 
Also, he still plays banjo, listens to early jazz 
and builds crystal sets.
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Newington, CT, American Radio Relay 
League, “Atomic Frequency Reference for 
Your Shack”, September/October 2009, 
pp 35-48.

Figure 16 – Oscillator restart drift.

2Raydo, John S., K0IZ, QEX: A Forum for 
Communications Experimenters. Newington 
CT, American Radio Relay League, “A 
Low Cost Atomic Frequency Standard”, 
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ISP Flash MCU Family Datasheet.
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High-Frequency Ladder Filters 
with Third-Overtone Crystals, 
A Purely Empirical Approach

1Notes appear on page .

Do you need a high frequency crystal fi lter? Horst describes a method of 
using third overtone crystals to make crystal ladder fi lters.

A Brief History
This article describes experiments with 

ladder fi lters at 48MHz using third-overtone 
crystals. It shows how filters with good 
performance can be built with low-cost 
oscillator crystals if some prerequisites are 
met. My experiments were facilitated by 
using a DDS-driven, swept-frequency scalar 
network analyzer, but it would have been 
possible, if less convenient, using a conven-
tional signal generator and RF voltmeter. 
Also, good circuit simulation software, such 
as the ARRL Radio Designer, can be very 
helpful in the design process. ARRL Radio 
Designer is no longer available. LTSpice 
from Linear Technology is a reasonable free-
ware alternative.  Ed.

As a result of our recent publication 
about ladder fi lter design with the “Dishal” 
computer program1, Jack Hardcastle, 
G3JIR, and I received questions regarding 
the use of the program to design ladder fi l-
ters using crystals on their third overtone. 
This prompted me to investigate this inter-
esting topic further. To my surprise, very 
little detailed literature could be found about 
this specifi c application. One exception was 
an article which had been published by Jack 
Hardcastle in RadCom2 many years ago. 
Jack showed that it is basically possible to 
build ladder fi lters using crystals in this way. 
However, due to the lack of suitable third 
overtone crystals and measurement equip-
ment, no further investigation was conduc-

ted at that time. Another short description of 
an overtone crystal fi lter by G3UUR can also 
be found in RadCom.3

The use of overtone crystals at their 
fundamental resonance for ladder filters 
is covered in countless projects and publi-
cations, but building fi lters at the overtone 

resonance requires several obstacles to be 
overcome which do not exist in fi lters using 
the fundamental mode. These obstacles 
and the methods to overcome them will be 
shown in the following paragraphs. For my 
experiments, I acquired a batch of twenty 
48MHz overtone crystals. All results are 

Figure 1 -- The drastic reduction of the frequency difference between fs and fp at the 3rd 
overtone is due to the much smaller motional capacitance Cm.
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based on the measurements made with these 
crystals. However, the basic findings can be 
generalized for filters using other overtone 
frequencies.

The Crystal u and Tolerances
The first significant difference between 

fundamental and overtone modes of opera-
tion concerns the motional inductance of the 
crystal. Contrary to expectations, the value 
of the motional inductance, Lm, was found 
to be different at the third overtone from its 
value at the fundamental. In fact, in all of my 
measurements, Lm increased significantly, 
from 5.2mH at 16MHz to 7.3mH at 48MHz. 
(Wes Hayward, W7ZOI, has also measured 
this behaviour on 5MHz crystals as shown on  
his Web site4.) As a consequence,  the value 
of the motional capacitance Cm becomes  
extremely small at the overtone frequency 
which has a very detrimental influence on
the frequency span between the series and 
parallel resonances fs  fp of the crystal.

Figure 1 shows the measurements on 
one crystal at its fundamental frequency of 
16MHz and at the 48MHz resonance. The 
picture uses the same frequency span for both 
resonances and shows that the comfortable 
difference between fs and fp of 35kHz at 
16MHz shrinks to a mere 7.5kHz at 48MHz. 
Because the maximum achieveable 3dB 
bandwidth of a standard ladder filter cannot 
exceed approximately 50  of the difference 
fp-fs, the strange situation exists that the avai-
lable maximum bandwidth becomes much 
smaller at the third overtone frequency than 
at the fundamental.

Crystal Parameters
Crystals, even when they are optimi-

zed for overtone operation, exhibit a lower 
unloaded Qu than most crystals at their 
fundamental frequencies. Also, at the much 
higher frequencies of an overtone filter, the 
resultant relative bandwidth is very small for 
a given absolute bandwidth. This combina-
tion leads to a higher insertion loss and more 
rounding of the filter band edges compared 
to filter responses at the lower fundamental 
frequencies. 

It is normally easy to select crystals from 
a batch for a good match of all relevant 
parameters at the fundamental frequencies 
of 4 to 12MHz. For overtone crystals with 
frequencies above 40MHz, this is a different 
story. Even with the usual tolerance of appro-
ximately 10ppm, the spread can be as high 
as 480Hz at 48MHz. This is clearly too high 
for an SSB filter and just barely acceptable 
for an AM filter. It can, therefore, happen 
that you need more crystals to select from for 
a good match. From my batch of 20 crystals, 
I was able to select two sets of 4 crystals each 

(within 100Hz) and one crystal pair. The 
selected groups differed markedly from each 
other in frequency and also motional induc-
tance Lm. These crystals were also selected 
for a Qu of 90000.

Another undesired behaviour of  overtone 
crystals is the fact that their spurious respon-
ses are much stronger and broader than those 
at the fundamental frequency, as can be seen 
in Figure 2. At the fundamental frequency 
these spurious responses usually occur ran-
domly from crystal to crystal and so cancel 
out over a multi-section filter, but this is not 
often the case at the overtones. ou, there-
fore, need to check that your selected crystals 
do not have spurious responses which repeat 
close to the pass-band in successive sections 
(see also Figure 10).

The Design of the  4-Pole Filter
For the filter to be analyzed, I chose a 

4-crystal set with an average Qu of 98000, 
Lm  7.3mH, and Cp  4.3pF. Using the 

Dishal program, I selected a 3dB bandwidth 
of only 2.75 kHz because of the above 
mentioned restrictions, and also to get cou-
pling capacitors with standard values. The 
resulting diagram is shown in Figure 3. 
The program calculates and displays a nice 
rectangular response curve, although with a 
strong asymmetry. Of course, that is not reali-
stic because it assumes lossless crystals. The 
good old ARRL Radio Designer was used 
to simulate the filter with real crystal losses. 
Since the result of the simulation generated 
a response curve which looks exactly like 
the measurement of the real filter, it is not 
shown here.

Figure 4 shows the measured response in 
comparison with the calculated curve. We 
have to consider that the relative bandwidth is 
only 2.75kHz/48MHz  0.0057 . The result 
is a very low filter impedance of only 140 . 
The relatively high insertion loss of  approxi-
mately 5dB and the rounding are both caused 
by the total loss resistance of approximately 

Figure 2 -- The strong and broad spurious responses close to the overtone frequency.

Figure 3 -- The circuit diagram of the experimental 48MH  4-pole filter.
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85  and the fact that the infi nite pole fre-
quency (fp) is very close to the upper pass-
band edge. This happens despite an average 
crystal Qu of not less than 98000.

However, two such 4-pole filters, cas-
caded and decoupled from each other by 
an amplifi er stage, could provide a highly 
selective SSB fi lter in a single upconversion 
receiver if the rounded top can be tolerated. 
The requirement of getting a total of eight 
frequency-matched crystals is not easy to 
achieve but possible.

There is one other general property of 
all overtone crystal fi lters which has to be 
addressed and that is the very strong and 
broad response at their fundamental fre-
quency. The response at 16 MHz in my 
4-pole fi lter has a bandwidth of over 12kHz 
and a lower insertion loss than the desired 
response at 48MHz. Figure 5 shows the 
fundamental curve at 16 MHz in detail and 
Figure 6 displays all these responses of the 
fi lter in a broadband sweep. The higher order 
modes (5th and 7th harmonic) can normally 
be neglected because they are very narrow 
and strongly attenuated. Fortunately, the fun-
damental response can easily be suppressed 
by external selective LC-circuits because it 
is far away from the nominal fi lter frequency.

The Next Step  An L-Compensated 
Filter

The solution to the bandwidth restriction 
and the asymmetry of the standard ladder 
fi lter is the well-known compensation of the 
crystal holder capacitance Cp by a parallel 
inductance. The value of this inductance 
(including its self-capacitance) is chosen to 
resonate with Cp at the fi lter’s midband fre-
quency, fm. This method not only reduces 
the bandwidth limitation but also produces 
a symmetrical response curve. The filter 
parameters can easily be calculated with the 
Dishal program by setting the crystal Cp to 
zero1.

Because I did not want to change the cou-
pling capacitors and the transformers in my 
fi lter, I simply adjusted the bandwidth in the 
Dishal program to get the same component 
values. The resulting 3dB bandwidth turned 
out to be 4.7kHz  a comfortable one for 
a roofi ng fi lter. Of course, the bandwidth 
can be changed to 6kHz or even higher with 
smaller values of the coupling capacitances. 
The wider bandwidth would also reduce the 
insertion loss. The necessary inductances 
were found to be 2.5 H to resonate at the 
fi lter frequency. The circuit diagram of the 
modifi ed fi lter is shown in Figure 7, and as 
can be seen in the picture, Figure 8, the coils 
are wound on small toroidal ferrite cores 
similar to the FT23-67.

Figure 9 displays the calculated and the 
measured response of the compensated fi l-

Figure 4 -- The calculated and measured response curves of the fi lter. Note the insertion loss 
and rounding due to the crystal losses. Also note the asymmetry despite the small bandwidth.

Figure 5 -- The fi lter response at the 16MH  fundamental frequency.

ter within a frequency span of 20kHz. The 
rounding of the band edges and the some-
what smaller bandwidth as compared with 
the calculation is still existent, but the fi lter 
shows a fl at top and the insertion loss is now 

reduced to 3.6dB (including a 0.7dB loss of 
the transformers). Of course, it also shows 
the expected symmetry. The 6-to-60dB shape 
factor is less than 1: 4.5, not bad for a 4-pole 
fi lter at 48MHz.
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The narrow-band response looks really 
good, but there are still other unwanted 
effects which become evident when the 
frequency span is widened. One of them 
is caused by the strong spurious responses 
which have already been mentioned. It is, 
therefore, always advisable to measure the 
fi lter response over a wide range above and 
below the passband. Figure 10 shows the 
fi lter with frequency spans of 20kHz, 50kHz 
and 200kHz. As you can see, there is a very 
strong spurious response about 75kHz above 
the fi lter frequency and although this un-
desired peak is narrow, and attenuated by 

25dB, it may generate problems in a follo-
wing IF amplifi er or mixer. This leads me to 
emphasize again the additional requirement 
for the selection of crystals to avoid coinci-
dent spurious resonances because there is no 
other useful method to suppress these peaks.

The Low-Pass Response
Another side effect of using inductance 

compensation is well known. The induc-
tances in parallel to the crystals generate 
attenuation poles on both sides of the fi lter 
causing the stopband attenuation to decrease 
beyond these poles. W7ZOI has described 
this behaviour in his 1995 QEX article.5 
However, what has not been mentioned, and 
is far worse, is the generation of a solid low 
pass response in the lower fi lter stopband 
covering practically the whole shortwave 
spectrum. This is documented with the wide-
band measurement as shown in Figure 11.

This low-pass response below the fi lter 
frequency appears in all L-compensated  
ladder fi lters, regardless of fundamental or 
overtone mode. The upper corner frequency 
of the  low-pass is defi ned by the combina-
tion of the compensating inductances and the 
coupling capacitors. This can be visualized 
by looking at the fi lter circuit in Figure 7 and 
disregarding the crystals. If parallel capaci-
tances are used instead of the series connec-
tion at the fi lter ends, the low-pass response 
at its low frequency end would even extend 
down to nearly 0 MHz.

To keep the upper corner frequency far 
away from the filter frequency, the value 
of the compensating inductances should be 
made as high as possible. Adding trimmer 
caps to the coils should be avoided because it 
would move this frequency even closer to the 
fi lter. Chosing wider fi lter bandwidths will 
cause the same undesired effect because of 
the smaller coupling capacitances. We need 
to fi nd the best compromise between these 
confl icting parameters. A good simulation 
can save a lot of time.

Murphy strikes again here because the  
low-pass response covers the desired recei-
ver frequency range (up to 30MHz in this 
case) and will not be suppressed by the input 

Figure 6 -- ideband display of the fi lter responses at 16 and 48 MH .

Figure 7 -- The circuit diagram of the modifi ed fi lter.

Figure 8 -- The L-compensated fi lter with the toroidal coils added to the crystals.
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circuits. Even if we assume a well balanced 
mixer with a typical isolation of 40dB be-
tween input and IF, an additional attenuation 
of 40 to 50dB is required. This can be achie-
ved with highly selective LC circuits as the 
matching elements on each side of the fi lter. 
To suppress the undesired response by 40 to 
50dB in the above example, a loaded Q of
50 for the terminating LC circuits at both 
ends is needed. This would still lead to an 
additional insertion loss of 5dB if the unloa-
ded circuit Qu can be made as high as 200. 
I leave it to the designer to solve this chal-
lenge. One idea could be the application 
of a post-mixer amplifi er using a JFET in 
grounded-gate confi guration with the fi lter 
input LC-circuit as the drain load (Figure 12).

Another approach could be to insert a 
5- or 7-pole High-Pass fi lter with a cutoff 
frequency just below the filter frequency, 
probably as a part of the Diplexer (thanks to 
Jack Hardcastle for this idea).

The Bridge-Neutrali ed 2-pole Filter
Besides the above arrangements, I was 

looking for additional ways to address 
this problem with the  low-pass response. 
Because I still had the crystal pair from my 
selection, another fi lter topology was tried. 
Although the crystal pair had different para-
meters (higher frequency fs), the prospect 
of using it in a 2-pole fi lter was promising. 
A 2-pole fi lter has the unique property that 
the series capacitances can be freely changed 
to shift the fi lter frequency almost indepen-
dently from the bandwidth setting defi ned 
by the single coupling capacitance. They can 
even be completely eliminated to achieve the 
lowest possible fi lter frequency. This enabled 
me to adjust the 2-pole fi lter close to the cen-
ter frequency of the  4-pole fi lter while setting 
its bandwidth to a slightly higher value.

The main point is that the Cp of both 
crystals can be neutralized in a classic bridge 
confi guration. Another advantage is that the 
neutralization of Cp with a capacitance Cn in 
the bridge does not introduce any undesired 
responses anywhere in the stopband.

With the help of the simulator, I was able 
to find the correct component values for 
the desired response, again, using standard 
values. They differ substantially from the 
values used in the 4-pole fi lter especially for 
the coupling capacitance. Its value becomes 
very small because the capacitances of the 
crystal Cp and Cn of both sides add to the 
value of Ck. The transformers were wound 
on BN61-2402 binocular cores. The resultant 
circuit is shown in Figure 13.

The following picture, Figure 14, dis-
plays the responses of the 2-pole and the 
4-pole fi lter. I simply connected both fi lters 
in series which produced the curve of the 
cascaded responses. The “bulge” on the high 

Figure 9 -- The Dishal design 3dB-bandwidth, based on the given unchanged component 
values, is 4.7kH . The real 6dB-bandwidth is only 4.4kH  due to the crystal losses.

Figure 10 -- The fi lter curve shown with sweep widths of 20kH , 50kH  and 200kH . Note 
the strong spurious peak at 75kH  above the fi lter frequency. A good reason to look at the 

fi lter with wider frequency spans and also to select the crystals for non-coincident spurious 
responses.
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frequency side of the resultant response is 
obviously caused by the mismatch between 
the two filters. I was able to verify this by 
inserting a 10-dB pad between the filters 
which created a perfect response curve. One 
could also save one transformer between the 
filters. I did not bother any further because 
the total response curve still looks good and 
would be perfectly suitable as a roofing fil-
ter with very high selectivity (shape factor 
60/6dB  2.6). This performance has been 
achieved without any adjustments.

But once again, far more important is 
the behaviour of this combination in the 
stopband area. I think that this different 
approach was worth the effort if you look at 
Figure 15 and Figure 16. The 200 kHz sweep in 
Figure 15 reveals a nice surprise: the strong 
spurious peak is now attenuated by 60dB. 
However, this is just a happy accident. It 
would be much better to avoid these spurious 
responses completely by a careful crystal 
selection. The addition of the 2-pole filter 
attenuates the annoying  low-pass response 
by more than 70dB. Only the 16MHz 
response is still there because it is inherent in 
both filters. The suppression of the 16MHz 
response should be an easy task because it is 
far away from 48MHz. No High-Q matching 
circuits are necessary anymore. Because 
of the narrow-band nature of the 16MHz  
response, even a good LC-Notch circuit in 
the IF-path might be sufficient.

Figure 17 shows another idea as a “teaser” 
for experimenters. If six matching crystals 
could be selected, a combined filter should 
be possible which may yield a similar or even 
better performance than the simple combi-
nation which has been described above. The 
differential transformers could be changed to 
selective LC-circuits to suppress the funda-
mental response.

Conclusion
It is not really complicated to build good 

high-frequency filters with low-cost oscil-
lator overtone crystals if the outlined issues 
are addressed. It may not be a project for a 
beginner and requires good measurement 
equipment, but it is just a logical extension 
of current crystal ladder design techniques.

Although there are many commercial 
roofing filters available for the frequency 
range of 40MHz to over 75MHz, they do not 
offer the same freedom to tailor bandwidth 
and center frequency to a specific need. The 
homebrew filters are also much less expen-
sive, and constructing them may be more 
rewarding. I hope that I could raise some 
interest to build these filters and experiment 
with different topologies.

Figure 11 -- ideband sweep from 0 to 80MH , revealing the low-pass response caused by 
the combination of the compensating inductances and the coupling capacitances.

Figure 12 -- Basic circuit diagram for a combination of a FET amplifier with high- u 
matching LC-circuits to suppress the low-pass response and to compensate for the filter 

insertion loss.

Figure 13 -- The 2-pole filter, C-neutrali ed in bridge configuration.
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Figure 17 -- A basic 6-pole fi lter model.
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Figure 14 -- Response curves of the 2-pole fi lter, the 4-pole fi lter, and 
the combination of both fi lters.

Figure 15 -- Cascaded 2-pole and 4-pole fi lters. The spurious 
response is now attenuated by 60dB.

Figure 16  ideband response of the cascaded fi lters. The low-
pass response is attenuated by more than 70dB. Of course, the 

16MH  response is not attenuated.

Horst Steder, D 6EV, was licensed in 1960. He holds a degree in 
Electrical Engineering. Horst has worked for Fernseh-GmbH and also 
with Hewlett Packard in several divisions. He retired in 199 . His inte-
rests include astronomy, gardening, hiking and sailing.

Notes
1H.Steder, DJ6EV,  J. A.Hardcastle, G3JIR, “Crystal Ladder Filters for 

All”, QEX,  Nov/Dec 2009,  pp 14-18.
2Jack A. Hardcastle, G3JIR, “Third Overtone Ladder Crystal Filters”, 

Radio Communication, Nov. 1979, pp 1027-1028.
3Pat Hawker, G3VA,  “Crystal  & Ceramic Filter Miscellany”,  (Letter 

from Dave Gordon-Smith, G3UUR), Technical Topics, RadCom, 
November 1999,  pp. 60-62.

4Wes Hayward, W7ZOI, “Motional Inductance Calculation from 
Reactance Slope”, w7 oi.net/Lm calcs/motional induct calcs.
html.

5Wes Hayward, W7ZOI, “Refi nements in Crystal Ladder Filter Design”, 
QEX, June 1995,  Figure 10, p 21. 



  QEX – November/December  2010   25 

Dave Bowker, K1FK

119 Bradbury Rd, Fort Kent, ME 04743, k1fk@arrl.net

An RF Phase Meter

1Notes appear on page .

Here is a direct-reading RF phase meter capable of making accurate phase angle 
measurements from 0° — 180° over a frequency range of 50 Hz to 50 MHz.

An accurate RF phase meter has many 
applications on the amateur’s test bench 
and in the field. A few applications include 
measurement of transmission line electrical 
length for antenna phasing and delay lines, 
determining transmission line velocity of 
propagation (VP),  matching cable lengths 
for correct phasing of antenna elements and 
stacked arrays, adjusting phasing networks 
in phased array antenna systems, determin-
ing resonance of tuned circuits and adjusting 
filters, testing and adjusting hybrid couplers 
for phased arrays, determining reactive com-
ponent values at specific frequencies, or any 
other application requiring a 2-port phase 
measurement at a single frequency. It also 
has applications in the audiophile’s domain.

I developed this instrument primarily 
for portable field use in adjusting phasing 
networks on my phased vertical arrays. 
Heretofore, I have used my trusty HP 8405A 
vector voltmeter along with an HP 8640B 
signal source and occasionally a multi-chan-
nel oscilloscope to make phasing adjust-
ments during experimental array testing. 
Frequently transporting nearly 200 pounds 
of test equipment and a portable power 
source to the field locations consumed con-
siderable time and became a burden to the 
experiments I was conducting. I decided I 
needed an instrument that was both portable 
and accurate, therefore I set about to design 
such an instrument. 

The requirements I established for this 
design were that it must be constructed from 
readily obtainable components and exhibit 
repeatable accuracy over the 0 C – 70 C 
temperature range, require simple calibra-
tion independent of measurement frequency 
without the need for special test equipment, 
require no setup or calibration prior to mak-
ing measurements, and the availability of a 
printed circuit board for repeatable perfor-
mance for those desiring to duplicate this 
instrument. Additionally, the external RF 

signal source required for measurements 
should be capable of being provided by test 
equipment already in the amateur experi-
menter’s repertoire, such as some amateur 
antenna analyzers1 and dip meters, signal 
sources which can be constructed from 
designs available to the amateur community 

in various amateur publications2, and QRPP 
transmitters. The basic characteristics of the 
instrument are given in Table 1.

Circuit Description
As shown in Figure 1, the REFERENCE 

(REF) and UNKNOWN (UNKN) input 
channels are electrically identical and sym-
metrical. Each input passes through an 

Table 1
Specifications
Frequency Range: 50 Hz – 50 MHz
Phase Range: 0° – 180°
Phase Resolution: ±1°, ±1 digit
Input Impedance (nominal): 1.2 k  shunted by 12 pF (excluding external test cables).
Input Amplitude: 0 dBm –  +27 dBm (225 mV – 5V RMS), each channel.
Battery Requirements: +9 V @ 65 mA, -9 V @ 5 mA, +9 V isolated.
Temperature Range: 0°C – 70°C (32°F – 158°F) ambient.
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attenuator which reduces the input signal 
level by a factor of 5 ( 14 dB) and sets the 
channel input impedance to approximately 
1.2 k  shunted by 12 pF. This input imped-
ance and attenuator design was chosen to 
provide minimal loading in 50  systems 
under test while maintaining a low input 
impedance for the comparator inputs to 
insure transition stability at the zero cross-
ing points. Comparators U1 and U2 function 
as zero-crossing detectors and convert each 
channel’s input sine wave to a precise square 
wave. These are ultra fast comparators with 
a gain-bandwidth product of approximately 
50 GHz and respond extremely well to very 
fast low level signals well into the VHF fre-
quency range. The square wave outputs of 
U1 and U2 are applied to phase detector U3, 
an Advanced CMOS exclusive-OR gate. The 
output of U3 is a square wave pulse of con-
stant, rail-to-rail amplitude swing, and whose 
width is a linear function of the difference in 
phase between the two applied input signals. 

The phase detector output is applied to 
an RC integrator consisting of R5, R6 and 
C6 with a time constant of approximately 
0.4 seconds. The output of the integrator is 
applied to U4, an FET high impedance, low 
input current dc op amp which buffers and 

Figure 1 – Schematic diagram and parts 
list for the RF phase meter. ameco (www.
jameco.com) or Digi-Key (www.digikey.com) 
part numbers shown where applicable.
C1-C5, C7-C10 – 0.1 F/100V/10  ceramic 

capacitor ( ameco 332672)
C6 – 47 F/16v/10  dipped tantalum 

capacitor ( ameco 546118)
D1-D4 – 1N4148 silicon diode
1, 2 – Molex 22-23-2021 friction lock header 
(Digi-Key M4200-ND)

3 – Molex 22-23-2061 friction lock header 
(Digi-Key M4204-ND)

4 – Molex 22-23-2041 friction lock header 
(Digi-Key M4202-ND)

R1, R3 – 1 k , 1/4  carbon film resistor
R2, R4 – 220 , 1/4  carbon film resistor
R5 – 33 k , 1/4  carbon film resistor
R6 – 20 k , 1/2  4-turn trim pot, Bourns 

3339P-1-203 (Digi-Key 3339P-1-203LF-ND)
R7 – 8.2 k , 1/4  carbon film resistor
R8, R10 – 22 k , 1/4  carbon film resistor
R9 – 5 k , 1/2  4-turn trim pot, Bourns 

3339P-1-502 (Digi-Key 3339P-1-502LF-ND)
R11 – 1.5 k , 1/4  carbon film resistor
U1, U2 – LT1016CN8 high-speed comparator 

(Digi-Key LT1016CN8 PBF-ND)
U3 – SN74AHC86N quad Advanced CMOS 

E -OR gate (Digi-Key 296-4627-5-ND)
U4 – TL081CP FET input op amp (Digi-Key 

296-7203-5-ND)
U5 – LM79L05AC  -9 V regulator (Digi-Key 

LM79L05AC FS-ND)
U6 – LM78L05AC  9 V regulator (Digi-Key 

LM78L05AC FS-ND)
U7 – 4N25 optocoupler (Digi-Key 

4N25MFS-ND)
PC board, FAR Circuits www.farcircuit.net

Figure 2 – Internal view of the assembled RF phase meter showing PC board locations.

Test Probe Correction Factor
The correction factor for test probes used in measurements may be determined 

proportionally from a calculation of their 1/4-wavelength frequency. All that is required 
is knowledge of the velocity factor (VP) and physical length of the coaxial cable to be 
used. The ¼-wavelength frequency of the cable, in MHz, is calculated from:

F /4 = (2952 x VP) ÷ Linches Eq (1)

The length of the test probe, in degrees, at the test frequency is then calculated 
proportionally as follows:  

L° ÷ 90° = Ftest ÷ F /4 
L° = (90° x Ftest) ÷ F /4  

 Eq (2)

Combining equations (1) and (2):

L° = (0.0305 x Ftest x Linches) ÷ VP Eq (3)

For example, suppose your test probe is constructed of RG-58C/U coax and is  
15 inches long and your test frequency is 7.20 MHz. Determine the correction factor 
in degrees that should be applied to measurements. 

From manufacturer’s specifications for RG-58C/U, VP is determined to be 0.66. 
Applying equation (3), the correction factor to be applied to measurements is:

L° = (0.0305 x 7.20 x 15) ÷ 0.66
L° = 4.99 (round to 5°)

scales the phase information to provide a 
0-1.8 V dc output signal which has a linear 
relationship to 000  - 180 . The output of 
U4 is read by a 3-1/2 digit digital voltmeter 
(DVM) which is calibrated to read 000  - 
180 . Potentiometer R6 sets the full-scale 
reading to 180  while R9 sets the zero read-
ing to 000 . 

The 3-1/2 digit DVM used in this design 

has a unique power supply requirement. The 
+9 V power and power ground for the DVM 
must be isolated from the DVM input and 
input return. A separate battery, shown as B3 
in Figure 3, is provided for this purpose. B3’s 
+9 V is applied to the meter by opto coupler 
U7 in Figure 1, which functions as a switch 
and isolates the meter power from the RF 
board power and ground circuits.
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Figure 3 – Interconnect wiring diagram and battery board parts list. ameco (www.jameco.
com) or Digi-Key (www.digikey.com) part numbers shown where applicable.
Battery Board
B1-B3 – 9-V n/MnO2 Energi er 522 Alkaline or equiv. ( ameco 198731)
1 – Molex 22-23-2041 friction lock header (Digi-Key M4202-ND)
3 – Molex 22-23-2061 friction lock header (Digi-Key M4204-ND)

Battery holder, 9V, Keystone 1294K (3 required) (Digi-Key 1294K-ND)
PC board, FAR Circuits www.farcircuits.net
Interconnect iring
1, 2 – BNC panel mount jack, UG-1094/U ( ameco 355178)   

M1 – 3  digit LCD digital panel meter, PM-128 ( ameco 175951)
P1, P2 – Molex 22-01-2027 (Digi-Key M2011-ND)
P3, P8 – Molex 22-01-2067 (Digi-Key M2015-ND)
P4, P5, P6, P7 – Molex 22-01-2047 (Digi-Key M2013-ND)
S1 – DPDT miniature toggle switch ( ameco 317463) 
Miscellaneous 
Contacts for Molex plugs – Molex 08-50-0113 (Digi-Key M1114TR-ND)
(24 required - order spares (bag of 50 recommended)
3 x 4 x 5-inch enclosure, Bud CU-3005-A or equivalent (Digi-Key 377-1092-ND)
100 k , 1/4 , 1  metal film resistor to modify DVM (Digi-Key PPC F100KCT-ND)
9.9 M , 1/4 , 1  metal film resistor to modify DVM (use three 3.3 M , 1/4 , 1  metal film in 

series (Digi-Key PPCHF3.30MCT-ND)
Assorted 4-40 hardware to mount PC boards and battery holders

Figure 4 – Front panel layout

Construction
I designed two printed circuit boards for 

this project,3 an RF board and a battery board 
and use of these boards is highly recom-
mended. All IC’s must be soldered directly to 
the PC board to take advantage of the ground 
plane and maintain stability. Do not use IC 
sockets and be sure to observe the polarity 
of C6 when installing. Use of the Molex 
connectors for interconnecting to the panel, 
meter and battery components is optional 
and you may choose to direct wire these 
components to the RF board. The lengths of 
the RG-174/U input cables between the front 
panel BNC jacks and the RF board REF and 

UNKN input terminals, J1 and J2, must be 
equal.

I recommend use of an alkaline 9 V bat-
tery for B1, as the +9 V current demand is 
65 mA and an alkaline battery will provide 
approximately 8 hours of use. The current 
demand upon B2, 5 mA, and B3, 1 mA, is 
relatively negligible. Use of alkaline 9 V 
batteries for all three is economical, in that 
when B1 voltage drops below 7.2 V at 65 mA 
load current, the dropout voltage for positive 
regulator U6, it may be swapped with B2 or 
B3 and it will continue to provide sufficient 
capacity in the B2/B3 position for negative 
regulator U5 or the DVM.

Figure 4 illustrates mechanical details 

of the Bud box front panel. The PC boards 
are mounted to the Bud box using (4) 4-40 
x 3/8-inch pan-head bolts through the box. 
Each bolt is secured to the box by a 4-40 
inside-tooth star lock washer and nut which 
acts as a standoff for the PC board. Another 
4-40 star lock washer is placed on top of each 
nut and the PC board placed upon them, fol-
lowed by another 4-40 star washer and nut to 
secure the board.

The PM-128 DVM is modified accord-
ing to instructions provided with the module. 
The decimal point is deactivated by insur-
ing there are no connections between pads 
P1, P2, and P3 on the meter PC board and 
the jumper at pads RB is removed. Install a 
100 k , 1 4W, 1  metal film resistor at pads 
RA and a 9.9 M  1 4W, 1  resistor, fabri-
cated from three 3.3 M , 1 4W, 1  metal film 
resistors in series, at pads RB.

Calibration
The selection of the calibration fre-

quency is not critical and may be done at 
audio frequencies using an audio frequency 
transformer, or it may be done in the RF fre-
quency range by fabricating the transformer 
described in Figure 5(A). Higher calibration 
frequencies result in greater precision of the 
180  adjustment and I recommend using a 
frequency of 30 MHz at a +10 dBm level.

The calibration setup shown in Figure 
5(B  C) requires only a jumper, a few BNC 
adapters, a center tapped transformer suitable 
to the frequency used for calibration, and an 
unmodulated CW signal source. Once the 0  
and 180  calibration points have been set the 
instrument will read correct phase differences 
at any frequency in the 50 Hz – 50 MHz range. 

Begin by setting R6 and R9 to their 
center position by turning each trimmer 4 
turns CCW followed by 2 turns CW. Next 
apply a 0  signal to each channel as shown 
in Figure 5(B), turn power on and adjust R9 
for a reading of 000, allowing 2-3 seconds 
for the integrator to settle. ou will observe 
that as you approach and then pass through 
the 000 point, the LCD display will indicate 
the negative polarity sign. Adjust R9 until 
the negative sign just extinguishes and 000 is 
displayed. Next apply a 0  signal to the REF 
channel and an 180  signal to the UNKN 
channel as shown in Figure 5(C) and adjust 
R6 for a display of 180. These adjustments 
interact slightly, thus they should be repeated 
several times to obtain a precise calibration. 
This completes the calibration.

Making Measurements
Maintaining proper input amplitude for 

each channel is essential to making accu-
rate phase measurements. Use a VTVM or 
a DVM capable of measuring RMS voltage 
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at the measurement frequency to establish 
proper levels if you are unsure of your sig-
nal source’s ability to drive the article under 
test. An oscilloscope may also be used but 
requires a peak-peak to RMS conversion. 
When using an antenna analyzer as a signal 
source it must be operated in the single-fre-
quency mode, i.e., not sweeping. When per-
forming measurements of adjustable circuits 
it is important to allow 2-3 seconds between 
incremental adjustments of the circuit for the 
phase meter’s integrator to settle and display 
the phase.

This instrument indicates the absolute value 
of phase angle. Knowledge of the circuit or 
component under test is required to establish 
the appropriate leading or lagging phase angle 
if that is of importance to the measurement.

A set of matched test probes is quite 
handy for use with the phase meter for 
making in-circuit measurements. The only 
requirement for these cables is that they 
be constructed of coaxial cable, such as 
RG-174/U or RG-58A/U, and they must be 
of equal length as measured end-to-end from 
the BNC connector to the tip of the probe and 
be as short as required for the application. 
The electrical length, in degrees, must be 
calculated at the test frequency and a correc-
tion applied to the phase measurement.4 For 
convenience, Table 2 provides corrections 
for 12-inch long test probes constructed of 
coaxial cable with a nominal VP of 0.66, such 
as RG-174/U or RG-58A/U.

Applications
Figure 6 shows the prototype phase meter 

in use while making adjustments to the phas-
ing network of my 40M 4-element cardi-
oid array, which uses the Lewallen current 
forcing feed method.5 In this illustration the 
phasing network has been adjusted for a 110  
phase delay, as indicated by a display of 115 , 
which includes a 5  correction factor.

Figure 7 illustrates an application of cut-
ting a transmission line to a specific electri-
cal length. This requires determination of the 
transmission line velocity factor to a reason-
ably accurate degree, rough cutting the line 
to a calculated physical measurement based 
upon the measured velocity of propagation 
and a calculation of the final line length, and 
then trimming the line to the precise length.6 

Ideally the cable under test should con-
nect directly to the REF and UNKN inputs 
using UG-274A/U BNC  adapters. A cor-
rection factor of 1.5-inches per  adapter 
(3 inches total) should be included in the 
expected reading for the cable under mea-
surement at the measurement frequency. 
This is especially important when making 
measurements in the upper frequency range 
of the instrument as the length associated 
with the  adapters contributes a significant Figure 5 – Calibration setup.

Table 2
Corrections for 12-inch test probes vs. test frequency
F(MHz) L(degrees) F(MHz) L(degrees) F(MHz) L(degrees) F(MHz) L(degrees) F(MHz) L(degrees)
1 0.6 11  6.1 21 11.6 31 17.2 41 22.7
2 1.1 12  6.7 22 12.2 32 17.7 42 23.3
3 1.7 13  7.2 23 12.7 33 18.3 43 23.8
4 2.2 14  7.8 24 13.3 34 18.8 44 24.4
5 2.8 15  8.3 25 13.9 35 19.4 45 24.9
6 3.3 16  8.9 26 14.4 36 20.0 46 25.5
7 3.9 17  9.4 27 15.0 37 20.5 47 26.1
8 4.4 18 10.0 28 15.5 38 21.1 48 26.6
9 5.0 19 10.5 29 16.1 39 21.6 49 27.2
10 5.5 20 11.1 30 16.6 40 22.2 50 27.7

error to the overall length of the cable being 
measured. If you use between-series coaxial 
adapters, such as UHF-BNC or N-BNC to 
attach the cable under test to the phase meter, 
the electrical length of these adapters also 
must be included in the phase angle indica-
tion to be expected. The correction for the 
BNC  and between-series adapters may 
be calculated for specific frequencies using 

equation (3) in Sidebar 1. Use a VP of 0.66 
for polyethylene dielectric or 0.69 for PTFE 
dielectric adapters.

The terminations must be of the same 
value as the characteristic impedance of the 
cable under test. The termination at the signal 
input end of the line under test may be omit-
ted if the signal source output impedance is 
of the same value as the line under test.
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Figure 7 – Setup for measuring transmission line electrical length. Shown is a 23 foot length 
of RG-58C/U that has been cut for 1/8 wavelength (45 ) at a frequency of 3.55 MH .
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Notes
1 See AEA Technologies, Inc., MFJ 

Enterprises, Inc., Palstar, Inc., for examples.

Figure 6 – RF phase meter in use for adjusting an antenna array phasing network. The signal 
source is on the right of the phase meter.

(Continued from page 2)

Empirical Outlook

2 See ARRL Handbook, Experimental 
Methods in RF Design, Transmission Line 
Transformers, for some examples.

3 A 2-board set is available from FAR Circuits, 
www.farcircuits.net.

4 See the sidebar “Test Probe Correction 
Finder” for details about calculating electri-
cal length of the test probes.

5 See ARRL Antenna Book, ON4UN’s Low-
Band DXing, for details of the Lewallen 
current-forcing method of feeding phased 
vertical arrays.

6 Refer to the ARRL Antenna Book for 
detailed information on transmission line 
measurements.
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Flex systems are hybrid “direct conversion” 
radios where the receiver does a single RF 
conversion to baseband at a relatively low 
frequency where the conversion to digital 
takes place.

Jim Ahlstrom has added to the next level 
of SDR with an article you will find in the 
next issue. The radio presented is a true 
software radio where the received RF is 
directly converted to digital and the transmit 
RF is also converted directly from digital to 
the transmit frequency. The software for this 
radio also runs on a PC. Jim has covered 
his software with the GNU General Public 
License (GPL) allowing free non-commer-
cial use of his source code. Jim mentioned 
that he designed his PC software to look as 
much like a radio as possible rather than an 
application on a computer. I suppose that I 
am a bit of a Luddite, but many friends and 
I prefer a radio that is really a radio on the 
outside with nothing more than a tuning 
knob, a volume control and mode switches 
as necessary. I find the trend towards mas-
sive menus with minimal input controls on 
test instruments to be equally annoying. 
The Flex Radio 5000C is a step in that 
direction with the computer completely 
embedded in the radio.  I still prefer knobs to 
mice for input devices, though.

A project similar to Jim’s is available from 
the High Performance SDR group (HPSDR). 
It also uses an FPGA and high speed ADC 
and FPGA plus DAC to create a true soft-
ware radio coupled with a PC, Macintosh, or 
Linux computer. HPSDR has partnered with 
TAPR to provide commercial availability of 
the hardware platform. These systems are 
intended as kits for experimenters rather than 
as commercial, complete radios. HPSDR 
has also teamed with AMSAT to add to the 
volunteer resources working on SDR tech-
nology for amateur use.  The HPSDR system 
is a modular approach to allow for easy 
swapping of new subsystems as technology 
allows more capable hardware.

The GNU Radio group has general radio 
DSP as its focus rather than just amateur 
radio.  It has a large amount of work that 
provides resources for many signal pro-
cessing functions.  The focus of the GNU 
group is focused almost entirely on the soft-
ware side of producing open source soft-
ware defined radios.
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Programming the AD7476 
Analog to Digital Converter on 

the Linux/BF537 Platform

1Notes appear on page 35.

Use Linux to get the most from a powerful, flexible analog/digital 
converter for software defined radio.

The Blackfin 537 (BF537) is a single-
board computer that has the capability to 
run the Linux operating system. The Analog 
Devices 74761 (AD7476) is a small per-
ipheral board that plugs into the BF537. It 
converts analog data to digital data. It can 
perform conversion at a rate up to 1 million 
Samples Per Second (SPS). Each sample is 
represented as 12-bit value.

The Linux-BF537-AD7476 combination 
has been introduced in Ray Mack’s QEX 
SDR  Simplified2 column as a platform for 
experimenting software defined radio prin-
ciples. See Figure 1.

In this article, I’ll introduce in detail 
AD7476 programming in the Linux-BF537 
environment. I will describe software that 
runs in Linux user space on the BF537. In the 
Linux environment, the AD7476 is presented 
to the programmer as a Serial Peripheral 
Interface (SPI) device abstraction in the file 
system space. This is an interesting feature of 
Linux. Hardware peripherals are represented 
as file abstractions, hence most of the oper-
ations defined on files apply to peripherals 
as well. This achieves a degree of interface 
uniformity.

Firstly, let’s review the SPI. Then, we’ll 
walk through a program that illustrates the 
constraints and capabilities of the AD7476 
in the Linux-BF537 environment. Source 
code is provided and made available online 
together with additional information about 
the installation on the BF537 of an appro-
priate Linux kernel.3 Please also look at 
the series of articles presented in the SDR  

Simplified column. ou will find a lot of use-
ful additional information.

Serial Peripheral Interface
The AD7476 accepts analog input. It 

is connected to the BF537 according to 
an interface specification called the SPI. 
See Figure 2. The SPI defines a number of 
interconnection lines and the format of the 
signals flowing on these lines. The three 

key interconnection lines are the serial clock 
(SCK), chip select (CS) and serial data 
(SDATA) lines. The SCK line carries clock 
signals from the BF537 the AD7476. The 
CS line triggers the conversion of a signal 
from analog to digital. The SDATA line car-
ries the digital samples from the AD7476 to 
the BF537.

The relationships between the SCK, 
CS and SDATA signals are illustrated in  

Figure 1 -- The BF537 with the AD7476 plugged in. On the right side, a RS-232 connector 
linking the BF537 to a PC with a terminal emulation software proving a console to the single 

board computer. Using an SMB connector, the AD7476 is connected to a signal generator 
for testing purposes.
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Figure 3. The falling edge of the CS signal 
triggers an analog to digital conversion. The 
CS line is maintained low while the conver-
sion is in progress. The AD7476 generates 12 
bits of data for every sample, but 16 bits are 
sent. Four zero bits are sent first. Then the 12 
data bits are sent, from the most significant 
to the least significant. The BF537 receives 
the bits one by one and stores them into a 
16-bit word in memory. Taking into account 
the CS signal, each conversion requires 17 
SCK cycles.

The SPI in Linux
A Linux system with a kernel 2.6.22, or 

above, is needed to run a user level program 
that uses the SPI interface. The BF537 board 
had been delivered with kernel 2.6.19. ou 
may determine the current version of the 
Linux kernel on your system by issuing the 
following command:

root:/> uname -a
It returns a text message similar to the 

following:
Linux blackfin 2.6.22.19-ADI-

2008R1.5-svn
The existence of the SPI device abstrac-

tion is confirmed by entering the following 
command:

root:/> ls /dev/spi
that prints:
/dev/spi

ou can find a 2.6.22 kernel image on my 
Web page. ou will have to install a TFTP 
server on your PC for uploading the image 
on your board. The best option I found (no 
cost) so far is from Weird Solutions.4 Don’t 
forget to disable all firewalls on your com-
puter (including the indows firewall and 
any other firewall that may come with your 
security software). I also put on my Web 
page a complete kernel loading and boot 
example. Note that this is non destructive. 
The old image remains on the BF537. ou 
can return to it, any time after a board reset.

Sampling Rate Configuration
Let’s discuss the calculation of the data 

rate of the output serial data stream on the 
SDATA line of the AD7476. First, however, 
an understanding of the data stream format 
is required.

The sampling rate of the AD7476 is a 
variable, denoted as s. According to the data 

sheet, the maximum sampling rate is 1 mil-
lion SPS. The minimum is zero, because 
the AD7476 can be kept idle. The sam-
pling rate is determined programmatically, 
but indirectly and according to an equation 
that is described hereafter. Two parameters 
entering in the equation are the system clock 
frequency and a calculated baud count. The 
system clock frequency, denoted as f, is a 
fixed value extracted programmatically using 
the system call:

ioctl(fd, CMD_SPI_GET_
SYSTEMCLOCK, &f);

The function ioctl() can be invoked to 
get or set various system variables. The sys-
tem clock frequency is one of the variables 
that can be accessed. The call to ioctl() 
is parameterized with three arguments. The 
first argument is a reference to the AD7476 
device. The second argument is a constant 
that indicates the kind of access and name of 

system variable. The third argument is a ref-
erence to a user variable in which the result 
is stored when ioctl() returns. On the 
BF537, ioctl() returns 100 MHz. Note 
that the value of the system clock frequency 
is high compared to the sampling rate.

 The baud count, denoted as b, is a 16-bit 
value ranging from 1 to 65,535 bauds. The 
exact value is chosen such that the calculated 
sampling rate matches as close as possible 
to a desired sampling rate. First, the system 
clock frequency, together with the baud rate, 
determines the serial clock frequency, i.e., 
sck, according to the equation:

sck
f

2b
  

Every system clock cycle consists of two 
pulses, a low value pulse and a high value 
pulse. In other words, it consists of two 
bauds. The divisor 2b specifies the number 

Figure 4 -- Plotted samples in the MATLAB environment.

Figure 2 -- Serial peripheral interface.

Figure 3 -- Data ow on the SPI. The programmer has to determine the frequency of the SCK 
signal, which divided by 17, defines the sampling rate.
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of times the system clock must tick before the serial clock ticks. The 
serial clock ticks every 2b bauds of the system clock. The system call 
ioctl() is used to set the serial clock frequency as follows:

ioctl(fd, CMD_SPI_SET_BAUDRATE, f/(2*b))
 Each analog to digital conversion requires 17 serial clock cycles. 

The corresponding sampling rate, in SPS, is defined as:

s
sck

17
   

The remaining issue is the calculation of b such that the resulting 
sampling rate matches as much as possible a required sampling rate. 
If we substitute in Eq. 2 the symbol sck by Eq. 1, we obtain the fol-
lowing relationship:

s
f

34b
Since f is fixed, it may not be possible to pick a b such that the 

resulting sampling rate matches exactly a required sampling rate s’. 
The baud count can be picked as the smallest integer such the follow-
ing relationship is satisfied:

s
f

34b 
This can be rewritten as:

b
f

34s
The equation is satisfied if we pick b as:

b
f

34s

The floor operator is used. The floor of x, denoted as x , returns 
the integer part of x. In the C programming language, this is coded as 
(assuming all variables are integers):

b = f/(34*s);

Example 1: Let f  be equal to 100 MHz and s’ be equal to 1 MSPS. 
The expression b f 34s  is equal to 2. The resulting sampling 
rate is s f 34b or 1,470,588 SPS.

Example 2: Let f be equal to 100 MHz and s’ be equal to
900 KSPS. The expression b f 34s  is equal to 3. The serial 
clock frequency is sck f 2 3 16,666,666 Hz. The resulting 
sampling rate is s f 34b or 980,392 SPS.

According to Example 1, if we pick a b equal to 2, the AD7576 
is over clocked and the results may not be correct. Example 2 tells us 
that b has to be at least 3 and that, by design, the maximum achiev-
able sampling rate obtainable with the BF537-AD7476 combination 
is 980,392 SPS.

The core of the AD7476 board is a small IC also named AD7476. 
The IC has an input voltage labelled Vdd. This voltage has a double 
role. It powers the IC. It also serves as a reference voltage. The min-
imum value for a sample, zero, is produced when the level of the input 
analog signal is zero. The maximum value of a sample (2 power 12 
minus 1 or 4095) is produced when the level of the signal matches 
Vdd. On the AD7476 board, this voltage is set to 4.11 V.

Program
We discuss hereafter in detail a C program that reads data from the 

AD7476 in the Linux environment. The example is written accord-
ing to an example provided on the Web.5 A structure, called Data, is 

defined to represent information related to the AD7476.
typedef struct {

unsigned short mode;
unsigned int s;
int fd;
unsigned short *samples;
unsigned int nsamples;

} Data;
The AD7476 can operate either in AC mode or DC mode. The 

mode refers to the kind of analog signal on the input line of the 
AD7476. The field mode keeps track of the programmer’s selection. 
The required sampling rate is stored in field s. According to Linux, 
each hardware peripheral, e.g., hard disk or network card, is repre-
sented in the system by a device abstraction. Each such device has 
a name. All available devices can be viewed by listing the directory 
/dev. The AD7476 appears as a device named /dev/spi. Within a 
program, the name has to be mapped to a numerical value called a file 
descriptor. The field fd stores that reference. The programmer has to 
allocate areas of memory to store the samples that are received from 
the AD7476. The field samples stores a pointer to such an area. It 
is defined in C as a pointer to a buffer of unsigned short integers, i.e., 
16-bit unsigned values. The length, in bytes, of that buffer is stored 
in the field nsamples. This structure is defined in a .h file included 
in the main program. We are now ready to look at the main program:

int main () {
Data data;
data.mode = AC;
data.s = 980392;
data.nsamples = NSAMPLES;
AllocateMemory(&data);
Sample(&data);
PrintSamples(&data);

}
First, a variable named data of type Data is declared. In this 

example, the AC input mode is selected. The sampling rate is set 
to 980,392 SPS. The length of the buffer of samples is defined as 
NSAMPLES. The actual buffer area is allocated dynamically by the 
function AllocateMemory(). It takes an argument  pointer to the 
variable data. The function allocates the space and stores a pointer to 
it in field samples of variable data. Next, the function Sample(), 
parameterized with a pointer to variable data, implements the read 
access to the AD7476. Finally, the function PrintSamples() 
dumps the values in a format compatible with the tools Octave and 
MATLAB. It is worth looking at the code of function Sample().

void Sample(Data * data) {
 data->fd = open(“/dev/spi”, O_RDWR);
 setSckFreq(data->fd, data->s);
read(data->fd, data->samples,
  data->nsamples+2) * 2);
close (data->fd);

}
It reads the samples from the AD7476. For the sake of simplicity, 

error verification and handling are omitted. The first step consists of 
an invocation of the open() system call. The call is parameterized 
with the Linux name of the AD7476 device abstraction. It returns a 
numerical reference to the opened device, which is used in the follow-
ing to access the device. The function setSckFreq() is invoked 
to set the serial clock frequency of the AD7476 device, first argu-
ment, and the required sampling rate, second argument. The function 
setSckFreq() implements the algorithm discussed in paragraph 
entitled sampling rate configuration. The call to the system function 
read() gets the samples from the AD7476. It is parameterized with 
the numerical reference to the device, a pointer to buffer area and 
length of buffer area in bytes. Note that space for one more sample 
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than the required number of samples has been allocated. For some 
reason, the first sample is inconsistent, read but ignored in the sequel. 
See Sidebar 1 for the complete code.

Plotting the Samples
Sidebar 2 contains MATLAB code for plotting the sample values. 

The output is pictured in Figure 4. The upper part plots the values 
of 1000 samples. The values range from 0 to 4095. This range cor-
responds to a 12-bit resolution. The frequency of the input signal 
is 13 kHz, produced by a sine function generator. At 980,392 SPS, 
this corresponds to an interval of approximately one millisecond of 
sampling or 13.5 cycles. The file samples.m defines two variables, 
namely, samples and voltages, which are two vectors of values that 
must be loaded in the MATLAB workspace. The file plotsamples.m 
contains the plotting code.

Michel Barbeau holds a Canadian Amateur Radio Operator’s certifi-

Sidebar 1

C Listings

File spiadc.h
#define CMD_SPI_SET_BAUDRATE 2
#define CMD_SPI_GET_SYSTEMCLOCK 25
#define CMD_SPI_SET_WRITECONTINUOUS 26
File myamradio.h
/*
 * Structure representing the data related to the AD7476.
 */
typedef struct {
 unsigned short mode; // AC or DC
 unsigned int s;  // Sampling rate
 int fd;   // Ref. to the AD7476 device
 unsigned short *samples; // Buffer of samples
 unsigned int nsamples; // Number of samples
} Data;
File adc.h
enum { AC, DC };
#define ADC_RESOLUTION 4096 // 12-Bit (2^12)
#define REF_VOLTAGE 4.11   // Volts
#define MAX_SAMPLERATE 1000000 // 1M SPS 
File myamradio.c
/* Read samples from the AD7476 card.
 */
#include <string.h>
#include <stdlib.h>
#include <sys/types.h>
#include <sys/stat.h>
#include <sys/poll.h>
#include <stdio.h>
#include <fcntl.h>
#include <unistd.h>

cate and an Amateur Digital Radio Operator’s certificate. He received 
Bachelor, Masters and PhD degrees, all in Computer Science, from the 
Universite de Sherbrooke in undergraduate studies and the Universite 
de Montreal in graduate studies. He has been a professor of Computer 
Science since 1991. Michel is currently working at Carleton University 
where he teaches and conducts research in wireless communications.

Michel is a member of the Ottawa Valley Mobile Radio Club, Radio 
Amateurs of Canada and the ARRL. His preferred modes of operation 
are C , packet, PSK31, RTTY and SSB. He is also interested in amateur 
applications for software defined radios.

Notes
1Analog Devices, AD7476/AD7477/AD7478, www.analog.com, 2009.
2Mack, Ray, SDR: Simplified, QEX, Jan/Feb 2009 – Jan/Feb 2010.
3 http //people.scs.carleton.ca/ barbeau/SDR/
4 http //corporate.weird-solutions.com/products/tftp-turbo
5 http //docs.blackfin.uclinux.org/doku.php

(continued)
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#include <sys/ioctl.h>
#ifdef TM_IN_SYS_TIME
#include <sys/time.h>
#else
#include <time.h>
#endif
#include “spiadc.h”
#include “myamradio.h”
#include “adc.h”
// Number of samples
#define NSAMPLES 1000
// Debugging mode
#define DEBUG
/*
 * Allocate memory space for samples.
 */
void AllocateMemory (Data * data) {
 data->samples = malloc((data->nsamples+2) * 2);
 if (data->samples == NULL) {
  fprintf(stderr, “ failed to allocate memory!\n”);
  exit(1);
     }
}
/*
 * Convert sample values to voltage levels.
 */
float SampleToVoltage (unsigned short value, Data * data) {
 if (data->mode)
  // DC case
  return ((float)value/(float)ADC_RESOLUTION) * REF_VOLTAGE;
 else
  // AC case
  return (((float)value-
((float)ADC_RESOLUTION/2.0))/
(float)ADC_RESOLUTION) *
REF_VOLTAGE;
}
/*
 * Compute and set the freq. of serial clock (SCK) of the 
 * SPI between the BF537 and AD7476.
 * f: reference to the AD7476 device
 * s: desired sampling rate (in SPS)
 */
void setSckFreq(int fd, unsigned int s) {
 unsigned int f;  // Sys clock freq. (in Hz)
 unsigned int b;  // Baud count
 // Get the system clock frequency
 ioctl(fd, CMD_SPI_GET_SYSTEMCLOCK, &f);
 // Compute the baud count
 b = f/(34*s);
 // Verify the sampling rate
  if (MAX_SAMPLERATE < f/(34*b)) {

(continued)
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  fprintf(stderr, “Sampling rate is too high\n”);
  exit(1);
     }
 // Set the serial clock frequency
 if (ioctl(fd, CMD_SPI_SET_BAUDRATE, f/(2*b)) < 0) {fprintf(stderr,
“Sck cannot be more than 33.25MHz\n”);
  exit(1);
     }
}
/*
 * Read the samples.
 */
void Sample(Data * data) {
 int code; // return code
 // Open the device representing the AD7476
 data->fd = open(“/dev/spi”, O_RDWR);
 if ((code=data->fd) < 0) {
  fprintf(stderr,
“Sample: failed to open /dev/spi: %d\n”, code);
  exit(1);
     }
 // Set the serial clock frequency on the SPI
 setSckFreq(data->fd, data->s);
 // Read samples
 if (code=read(data->fd, data->samples, 
(data->nsamples+2) * 2) < 0) {
  fprintf(stderr,
“Sample: failed to read samples: %d\n”, code);
  exit(1);
     }
 // Close the device
 close (data->fd);
}
/*
 * Print the samples.
 */
void PrintSamples(Data * data) {
 int i; // loop index
// Output file descriptor 
        FILE *fp;
        // open the output file: MATLAB M-file
        if ((fp = fopen(“samples.m”, “w”)) == NULL) {
                fprintf(stderr,
“PrintSamples: can’t open output file\n”);
                exit(1);
        }
 // MATLAB array declarations
 // Print sample values (skip the first)
 fprintf(fp, “samples=[“);
 for (i = 1; i < data->nsamples - 1;i++) {
  fprintf(fp, “%d, “, data->samples[i]);
 }

(continued)
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Sidebar 2
MATLAB Listing

File samples.m
samples=[1099, 1044, 990,…];
voltages=[-0.952244, -1.007432, -1.061616,…;
File plotsamples.m
% Plot sample and voltage values
%%% Samples
subplot(2,1,1);
plot(samples);
xlabel(‘Sample’);
ylabel(‘Sample value’);
%%% Voltages
subplot(2,1,2);
plot(voltages);
xlabel(‘Sample’);
ylabel(‘Voltage’);

 fprintf (fp, “%d];\n”, data->samples[i]);
 // Print voltage values (skip the first)
 fprintf(fp, “voltages=[“);
 for (i = 1; i < data->nsamples - 1;i++) {fprintf(fp, “%f, “,
SampleToVoltage(data->samples[i], data));
 }
 fprintf(fp, “%f];\n”,
SampleToVoltage(data->samples[i], data));
 // close the output file
        fclose(fp);
}
/*
 * Main program.
 */
int main () {
 // Info about the AD7476
 Data data;
 // Input mode (AC or DC)
 data.mode = AC;
 // Sampling rate
 data.s = 980392;
 // Initialization of variables
 data.nsamples = NSAMPLES;
 // Allocate the memory
 AllocateMemory(&data);
 // Sampling
 Sample(&data);
 // Print the samples
 PrintSamples(&data);
 exit(0);

}
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Ron Skelton, 6 O

4221 Gull Cove Way, Capitola, CA 95010; w6wo@k6bj.org

Measuring HF Balun Performance
If you thought you knew everything about balun performance characteristics, 

there is an important figure of merit you may have neglected .

Baluns come in many forms. Some 
include impedance transformation while 
others do not. In all cases their primary role 
is to reject undesired common-mode currents 
with minimal impact on the desired differ-
ential-mode currents. In the familiar case 
of a coaxial feeder connected to a balanced 
antenna, common-mode conditions result in 
current flowing on the outer surface of the 
cable shield, and via the ground. The normal 
flow of RF energy between the source and 
load is due to current circulating via the cen-
ter conductor and inner surface of the shield.

Common-mode conditions often produce 
undesired results in antenna systems such 
as “RF in the shack”, altered VSWR and 
radiated patterns, increased RFI and entry of 
local noise. 

Performance Standards and 
Methods

The Common Mode Rejection Ratio 
(CMRR) of a balun is defined in professional 
literature1 as the ratio of wanted to un-wanted 
transmitted power. As rejection of common-
mode transmission is the primary purpose of 
a balun, it follows that CMRR should be the 
key figure of merit. However, CMRR is not 
a measure of power loss or efficiency and 
should be considered alongside other mea-
sures of performance, including bandwidth, 
transmission loss, precision of impedance 
matching and power handling. These other 
factors are generally well covered in amateur 
publications, but as far as I can tell CMRR 
has not appeared in either articles or adver-
tisements.

Measurements and calculations of 
CMRR can be made by directly measuring 
impedance in the common-mode path, or by 
observing power flows using a power meter 
or oscilloscope. CMRR is affected by both 
amplitude and phase imbalance which can 
be a source of errors with those techniques. 
In contrast, Vector Network Analyzers, 
with associated software, provide accurate 
data and graphical information by measur-

ing transmission as complex quantities of 
amplitude and phase. The VNA hardware in 
use at W6WO was built in accordance with 
the design created by Paul Kiciak, N2PK. 
See Figure 1. Measurement data produced 
by the VNA is processed by very powerful 
software called myVNA by Dave Roberts, 
G8KBB. Both of these gentlemen have 
made their incredible expertise and attention 
freely available to the amateur community 
via their Web sites and the N2PK VNA 

ahoo group.

3-Port Measurements
Any balun or line choke can be viewed 

as a 3-port device. Let’s call the unbalanced 
side port 1 and the twin connections on 
the balanced side ports 2 and 3.The math 

involved in deriving CMRR from 3-port 
transmission measurements can be found 
in a number of sources.1 The math is rather 
challenging, but fortunately it boils down to 
this simple formula using S –parameters  

CMRR dB 20 log (S21+S31)/(S21- S31) 

 Port 1 is the normally unbalanced port 
while ports 2 and 3 are on the balanced side. 
Dave’s software does the complex number 
calculations and plots the results. 

The degree of imbalance inherent 
in a practical balun dictates its CMRR. 
Additional imbalance must be avoided, as 

1 

Figure 1 -- The N2PK dual-detector VNA.
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Figure 2 – The author s test fixture for measuring CMRR of HF baluns.

Figure 3 -- Common-mode rejection ratio of a 1 16 balun/transformer. This graph is the result 
of complex number calculations using VNA measurements. 

this would mask the true performance of 
the device under test. To this end a test fix-
ture was constructed with connections that 
are low impedance and well balanced with 
respect to a ground plane. 

Figure 2 shows the test fixture with a 1:16 
single-turn primary transformer ready to be 
measured. The VNA applies a swept RF 
signal to port 1 to the left and measures the S 
parameters at ports 2 and 3 in turn. Note that 
when one secondary port is terminated in the 
VNA detector the other is terminated in a 
50-  standard.

 It is necessary to preserve both the input 
and output impedance seen by a balun. 
In this example the transformer has a 
50:800  transfer impedance ratio (this 
transformer is described in my article 
“Exploring Near-End-Fed Wire Antennas” 
that appeared in the March/April 2009 QEX). 
For this balun with one port terminated in 
50-  at the VNA detector and the other in a 
50-  plug, an additional 700  is required 
in the secondary path. As seen in the picture, 
precise 350-  resistors have been added in 
each of the secondary connections to provide 
700 . 

The baluns most frequently found in 
amateur antenna systems use binocular and 
torroid ferrite cores as either flux-linked or 
transmission-line transformers. Line chokes 
also impede common-mode current and 
often take form of a few turns of coax or a 
few ferrite cores over the outer sheath. All 
types can be measured using the test fixture 
with appropriate impedance-matching resis-
tors. 

Attributes other than CMRR, such as the 
accuracy of the impedance transformation, 
can be determined by terminating the full 
secondary in its design impedance and using 
the VNA to measure return loss at port 1. A 
reasonably accurate measure of transmission 
loss can be determined by using the VNA. 
The approach is to measure the combined 
loss of two identical baluns with their sec-
ondary sides connected back-to-back, and 
then halving the resultant loss. See Figures 
4 and 5.

A realistic CMRR objective for a practi-
cal HF antenna balun is open to debate, but 
the higher the value the better, provided other 
performance factors are acceptable. In my 
view CMRR should be at least 20 dB across 
the whole HF spectrum or 30 dB over seg-
ments of the range. To achieve a CMRR of 
30 dB, amplitude balance must be within 
+/- 0.3 dB and simultaneously phase balance 
must be within +/- 3 degrees. Those with 
the right tools and expertise are invited to 
develop 2D or 3D graphs relating frequency, 
amplitude and phase imbalance. 

In conclusion, an important (and 
neglected) measure of balun performance 

 Figure 4 – VS R measured from 1 to 60 MH .
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Figure 5 – Transmission loss from 1 to 60 MH .

has been introduced with the hope that it will 
be seen more frequently in amateur articles 
and advertisements. This article focused on 
measuring the balance accuracy of baluns 
themselves and it is beyond the scope to con-
sider the superiority of one type or another 
for particular antennas. I look forward to 
reader views on this.  

Ron Skelton, 6 O, was first licensed as 
G3IHP in 1951. Ron has held various call 
signs in the British colonies over the years. He 
is an ARRL Member as well as a Life Member 
of the IEEE and a Fellow of the IEE. His 
Amateur Radio interests include weak signal 
and digital communications, and homebrew-
ing.
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Fifth-Order Unequal-Ripple 
Low-Pass Filter Design

This article discusses the advantages of using unequal-ripple acromorphic 
designs for filtering the harmonics from broadband power amplfiers. 

It presents a table of normalized coefficients that will allow readers to produce 
their own high-performance fifth-order low-pass filters using either standard 

preferred-value capacitors or oddball values.

Overview of Acromorphic Filters
Solid-state, broadband, RF power ampli-

fiers usually require load impedances within 
tightly controlled limits and this often 
restricts the choice of low-pass filtering 
to low-ripple Chebyshev or low reflection 
coefficient Cauer designs. Sometimes, it’s 
possible to take advantage of the increased 
harmonic suppression of high-ripple designs 
when the frequency range is very limited, 
and the band of interest can be fitted into the 
low VSWR region of one of the peaks of a 
high-ripple Chebyshev or Cauer response. 
However, filters of at least fifth-order have 
to be used to get the harmonics from a push-
pull, broad-band, linear amplifier down to a 
reasonable level, and it’s only the very nar-
rowest of amateur bands (10.1MHz) that 
can be fitted into the low VSWR region of 
a fifth-order, 1dB-ripple Chebyshev low-
pass response. So, filter designs with ripple 
from 0.001db to 0.01dB are generally used, 
sometimes with additional transmission 
zeroes to improve the attenuation of the 
second and third harmonics when the speci-
fication allows some of the attenuation at 
higher frequencies to be sacrificed. These 
designs tend to be used because they can 
be synthesized fairly easily using modern 
filter theory. Other unconventional designs 
specifically tailored for transmitter harmonic 
filtering applications can also be synthe-
sized, though less easily, and once done the 
results can be tabulated in normalized form 
for future use. One such tailored’ design is 
the unequal-ripple acromorphic type, and 

this should be given serious consideration 
since it offers some useful benefits over 
conventional designs. It provides improved 
performance and greater flexibility in com-
ponent choice. Transmission zeroes can be 
added to improve second harmonic attenua-
tion if required. The general design approach 
and associated theory for acromorphic low-
pass filters1 have been described previously 
in QEX using seventh-order designs as an 
example, and the purpose of this article is to 
provide design aids and practical informa-
tion for producing fifth-order unequal-ripple 

low-pass filters, since this is the order most 
commonly used in practice.

The curve shown in Figure 1 illustrates 
the way in which the amplitude response of 
a fifth-order acromorphic low-pass filter is 
tailored to provide low ripple and low VSWR 
in the upper part of the response while delib-
erately sacrificing pass-band performance in 
the lower part. The upper pass-band ripple 
in this example is set at 0.01dB, but it can 
be designed for any level deemed to provide 
the transmitter with an acceptable range of 
load impedances over the band of interest. 
The attenuation in the stop band increases 
with increasing lower valley ripple (LVR) of 

Figure 1 -- Amplitude response of acromorphic type of unequal-ripple low-pass filter 
showing the lower valley where ripple has been allowed to increase to 1dB to improve 

stop-band performance and the upper region where the ripple and return loss have been 
optimi ed to provide a good match.   

1Notes appear on page 47.
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the filter response. The relative positions of 
the poles in the transfer function determine 
both the level of LVR and the ripple in the 
upper pass band, and as a consequence the 
upper pass band becomes narrower as LVR 
increases. So, for amateur band filtering, 
where the width of each band is relatively 
narrow, low-pass designs with moderately 
high values of LVR can be used, but for appli-
cations where greater coverage is required 
designs with a lower value of LVR should be 
used. Usually, the lower two-thirds of the filter 
pass band are not usable in RF power ampli-

Table 1
Normali ed fifth-order unequal-ripple acromorphic low-pass filter coefficients.
LVR       X1       X2       X3       X4       X5 FL FU FCR
1.08 1.7658 1.1103 3.5316 1.1103 1.7658 0.6824 0.8578 1.1657
1.06 1.7560 1.1154 3.5120 1.1154 1.7560 0.6822 0.8567 1.1672
1.04 1.7463 1.1204 3.4926 1.1204 1.7463 0.6820 0.8557 1.1686
1.02 1.7365 1.1257 3.473 1.1257 1.7365 0.6817 0.8545 1.1702
1.00 1.7268 1.1310 3.4536 1.1310 1.7268 0.6815 0.8534 1.1718
0.98 1.7170 1.1361 3.4340 1.1361 1.7170 0.6812 0.8523 1.1733
0.96 1.7072 1.1415 3.4144 1.1415 1.7072 0.6809 0.8511 1.1749
0.94 1.6973 1.1469 3.3946 1.1469 1.6973 0.6806 0.8499 1.1766
0.92 1.6873 1.1524 3.3746 1.1524 1.6873 0.6802 0.8487 1.1782
0.90 1.6773 1.1580 3.3546 1.1580 1.6773 0.6799 0.8475 1.1799
0.88 1.6672 1.1636 3.3344 1.1636 1.6672 0.6795 0.8463 1.1816
0.86 1.6572 1.1693 3.3144 1.1693 1.6572 0.6791 0.8450 1.1834
0.84 1.6470 1.1752 3.2940 1.1752 1.6470 0.6786 0.8438 1.1852
0.82 1.6367 1.1811 3.2734 1.1811 1.6367 0.6781 0.8425 1.1870
0.80 1.6264 1.1871 3.2528 1.1871 1.6264 0.6776 0.8411 1.1889
0.78 1.6161 1.1932 3.2322 1.1932 1.6161 0.6770 0.8398 1.1907
0.76 1.6057 1.1994 3.2114 1.1994 1.6057 0.6764 0.8385 1.1927
0.74 1.5952 1.2056 3.1904 1.2056 1.5952 0.6758 0.8371 1.1946
0.72 1.5845 1.2121 3.1690 1.2121 1.5845 0.6751 0.8357 1.1966
0.70 1.5742 1.2185 3.1484 1.2185 1.5742 0.6743 0.8343 1.1986
0.68 1.5632 1.2252 3.1264 1.2252 1.5632 0.6735 0.8329 1.2007
0.66 1.5524 1.2319 3.1048 1.2319 1.5524 0.6726 0.8314 1.2028
0.64 1.5415 1.2388 3.0830 1.2388 1.5415 0.6717 0.8300 1.2049
0.62 1.5304 1.2458 3.0608 1.2458 1.5304 0.6707 0.8285 1.2070
0.60 1.5193 1.2530 3.0386 1.2530 1.5193 0.6695 0.8270 1.2092
0.58 1.5081 1.2603 3.0162 1.2603 1.5081 0.6683 0.8255 1.2114
0.56 1.4967 1.2677 2.9934 1.2677 1.4967 0.6670 0.8239 1.2137
0.54 1.4853 1.2753 2.9706 1.2753 1.4853 0.6656 0.8224 1.2159
0.52 1.4736 1.2832 2.9472 1.2832 1.4736 0.6641 0.8208 1.2183
0.50 1.4619 1.2912 2.9238 1.2912 1.4619 0.6624 0.8193 1.2206
0.48 1.4499 1.2994 2.8998 1.2994 1.4499 0.6606 0.8177 1.2229
0.46 1.4379 1.3077 2.8758 1.3077 1.4379 0.6586 0.8162 1.2253
0.44 1.4257 1.3164 2.8514 1.3164 1.4257 0.6564 0.8146 1.2276
0.42 1.4135 1.3256 2.8270 1.3256 1.4135 0.6539 0.8128 1.2303
0.40 1.4006 1.3344 2.8012 1.3344 1.4006 0.6514 0.8114 1.2324
0.38 1.3877 1.3438 2.7754 1.3438 1.3877 0.6485 0.8099 1.2348
0.36 1.3747 1.3535 2.7494 1.3535 1.3747 0.6454 0.8083 1.2371
0.34 1.3612 1.3636 2.7224 1.3636 1.3612 0.6418 0.8068 1.2395
0.32 1.3476 1.3740 2.6952 1.3740 1.3476 0.6380 0.8053 1.2418
0.30 1.3337 1.3848 2.6674 1.3848 1.3337 0.6337 0.8038 1.2441
0.28 1.3193 1.3961 2.6386 1.3961 1.3193 0.6290 0.8024 1.2463
0.26 1.3046 1.4079 2.6092 1.4079 1.3046 0.6236 0.8010 1.2485
0.24 1.2895 1.4202 2.5790 1.4202 1.2895 0.6176 0.7996 1.2506
0.22 1.2738 1.4332 2.5476 1.4332 1.2738 0.6109 0.7983 1.2526
0.20 1.2575 1.4470 2.5150 1.4470 1.2575 0.6032 0.7971 1.2545
0.18 1.2406 1.4616 2.4812 1.4616 1.2406 0.5944 0.7959 1.2564
0.16 1.2228 1.4771 2.4456 1.4771 1.2228 0.5843 0.7949 1.2580
0.14 1.2040 1.4940 2.4080 1.4940 1.2040 0.5724 0.7940 1.2595
0.12 1.1839 1.5125 2.3678 1.5125 1.1839 0.5583 0.7932 1.2608
0.10 1.1625 1.5327 2.3250 1.5327 1.1625 0.5412 0.7925 1.2618

fier applications anyway, since the harmonic 
attenuation for such low fundamental fre-
quencies would be insufficient. For example, 
the second harmonic of a fundamental fre-
quency at two-thirds of the ripple frequency 
would be attenuated less than 5dB by a fifth-
order 0.01dB Chebyshev low-pass filter.

The degree to which any shaping can 
be done is very limited with third-order fil-
ters, but, for the fifth-order designs that are 
commonly used for harmonic filtering in 
solid-state equipment, it is much greater. For 
this reason, much of the work done on these 
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filters by the author has concentrated on fifth-
order designs, though some has been done on 
seventh-order (the work reported previously 
in QEX) and a little on ninth-order.   

Initially, individual fifth-order filters were 
produced for particular applications with 
the same maximum upper valley ripple of 
0.01dB but different values of LVR to see 
how performance varied with that parameter. 
Upper valley ripple of 0.01dB was chosen 
to meet the requirement that the return loss 
in the upper part of the pass band is never 
less than 26.38dB and the VSWR never 
goes above 1.1. Both T-configuration and 
pi-configuration acromorphic low-pass fil-
ters are symmetrical (refer to the fifth-order 
filter circuits in Figure 2) so X1  X5 and X2 

 X4, and they also have a fixed ratio of X3 
to X1 for a particular combination of upper 
pass band and lower valley ripple, just as 
Chebyshev designs have fixed ratios of these 
components for a particular level of pass-
band ripple. The ratio of X3/X1 for an acro-
morphic low-pass filter with LVR  0.1dB 
and upper pass-band ripple of 0.01dB turns 

out to be 1.934. For one with the same upper 
pass-band ripple at LVR  1.0dB, it is 1.987. 
It became obvious as the data from more 
and more designs accumulated that there is a 
range of useful fifth-order low-pass designs 
with the ratio of X3/X1 very close to 2.0 
that offer tremendous flexibility and better 
performance than equal-ripple filter designs, 
but with the value of X1 varying by over 
60  for the same cut-off frequency. By mak-
ing the ratio exactly 2.0 the upper pass-band 
ripple varies slightly with LVR, but is always 
less than 0.01dB up to LVR  1.08dB. At 
LVR  1.09dB the upper pass-band ripple is 
exactly 0.01dB for X3/X1  2.0.  Above this 
LVR the pass-band ripple exceeds 0.01dB 
and the VSWR in the centre of the upper 
pass band exceeds 1.1. Pi-configuration fifth-
order low-pass filters with X3/X1  2.0 are 
reminiscent of the old half-wave filters2 and 
cascaded constant-K designs. Indeed, a fifth-
order half-wave low-pass filter has LVR  
0.4dB with an almost flat upper pass band, 
while the constant-K design has a shallow 
lower dip but a very narrow upper pass band 

when terminated with resistance equal to its 
characteristic impedance. However, higher 
values of terminating resistance can improve 
the pass-band response of two cascaded con-
stant-K sections, and bring it into the range of 
more desirable acromorphic responses. Both 
of these vintage filters are part of a broad 
class of unequal-ripple, fifth-order, low-pass 
designs that should not be ignored. One par-
ticular design from this group, the fifth-order 
GE Harmoniker3, has been used since 1949. 
Although no one has pointed out that there 
is a whole family of such unequal-ripple 
filters before, the idea of using this type of 
filter to gain improved harmonic attenuation 
is not new. The GE Harmoniker design was 
largely ignored after modern filter theory was 
introduced to radio amateurs and hasn’t been 
used much since. That was very definitely a 
big mistake as far as transmitter harmonic 
filtering is concerned because equal-ripple 
Chebyshev designs are decidedly inferior for 
this application. 

The flexibility to base the design of any 
filter on a particular standard value of capaci-

Figure 3 -- Graphs showing improved performance of LVR  0.1dB and LVR  1.0dB acromorphic filters compared with 0.01dB Chebyshev 
low-pass filter with coincident ripple frequency (all filters have same maximum usable frequency defined by a VS R about to exceed 1.1).

Figure 2 - Fifth-order T-configuration (Part A) and pi-configuration (Part B) low-pass filter circuits with component 
 designations corresponding to the normali ed coefficients given in Table 1.

(A) (B)
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tor, or, indeed, oddball values, may be more 
important than the improved performance 
that these filters offer. The ability to choose 
a design that uses any values that are readily 
available without compromising the perfor-
mance in any way, rather than several parallel 
combinations to get the correct values, can 
save space and reduce cost. This is particu-
larly beneficial since silvered mica capacitors 
are quite costly these days, and the alternative 
polystyrene types suitable for lower RF cur-
rent applications are becoming increasingly 
expensive as well. To be able to reduce the 
cost and obtain improved performance at the 
same time is quite a bonus.

Designing with Normali ed Tables
Designing filters from scratch can be a 

tedious and time-consuming process, so nor-
malized values are often used to help reduce 
the time and effort required to design filters 
for specific cut-off frequencies and imped-
ance levels. The normalized values for the 
different component positions of the fifth-
order low-pass filters shown in Figure 2 are 
presented in Table 1, along with additional 
figures that give information about perfor-
mance and applicable frequency range. They 
are arranged in ascending order according 
to the lower valley ripple. The pass band in 
the upper part of the amplitude response of 
the filter is defined as the frequency inter-
val over which the return loss is equal to, or 
better than 26.38dB, and the frequencies at 
the upper and lower ends of this upper pass 
band are designated FU and FL, respectively. 
These points at the limits of the upper pass 
band correspond to a ripple of 0.01dB and 
VSWR of 1.1. So, the enhanced upper part 
of the pass band only exists between FL and 
FU. These frequencies and all the component 
values are normalized in terms of the –3dB 
cut-off frequency (FC). The pass-band ripple 
is no more than 0.01dB and the VSWR no 
worse than 1.1 for all frequencies between 
FL and FU including the dip in the middle, 
when it occurs. Below FL and above FU the 
mismatch to the load and source increases 
to unacceptable levels. The values in the FL 
and FU columns can be used as a guide to 
determine which designs are suitable for any 
particular application. However, the width of 
the usable part of the narrowest acromorphic 
filter pass band is more than adequate for the 
widest amateur bands, and even the higher 
LVR filter designs are suitable for use on two 
adjacent amateur bands in the higher part of 
the HF spectrum.

Figure 3 shows how the amplitude 
(transmission) plots of two acromorphic 
low-pass filters (LVR  0.1dB and LVR 

 1.0dB) compare with the response of a 
0.01dB Chebyshev design (solid line). All 
three filters have the same upper pass-band 

edge defined by a return loss of 26.38dB 
at 1MHz. The improvement in harmonic 
attenuation over a 0.01dB Chebyshev filter 
is roughly 3dB for the LVR  0.1dB acro-
morphic design, increasing to 11dB for LVR 

 1.0dB. The stop-band performance of an 
unequal-ripple acromorphic filter with LVR 

 1.0dB is roughly equivalent to that of a 
1dB-ripple Chebyshev, but with a consider-
ably wider portion of the upper part of the 
response offering a good match to the power 
amplifier. The big advantage of this type of 
design, as has already been pointed out, is 
the ability to tailor the capacitor values to suit 
available values without compromising the 
cut-off frequency. There is enough latitude in 
the spread of values in Table 1 to encompass 
at least one, or possibly several standard pre-
ferred values in a 10  component system for 
any particular cut-off frequency, depending 
on whether T-configuration or pi-configu-
ration filters are being considered. The X1 
column has more variation than the X2 col-
umn, so the pi-configuration capacitor choice 
is greater than that of the T-configuration for 
low-pass designs. 

The table can be used in an iterative way 
to establish which preferred value of capaci-
tance might be usable for a given application. 
For instance, a frequency at the upper limit 
of the band for which a filter is needed can 
be picked, and then multiplied by a factor to 
allow for the accuracy of the LC measure-
ment equipment - possibly 1.02, if 2  can 
be achieved. Then, using the values at the top 
and bottom of Table 1, the range of values for 
the capacitors can be established. Multiply 
the modified upper frequency by the value in 
the FCR column (ratio of FC to FU) for that 
row to establish FC. Using this value of FC, 
and the impedance required, de-normalize 
the component values (see any recent edition 
of the ARRL Handbook for details of how to 
do this). For a T-configuration filter, as shown 
in Figure 2(A), X1 is an inductor and the first 
capacitor has a normalized value of X2. Only 
the first capacitor coefficient needs to be de-
normalized to ascertain whether this row is 
a suitable one, or not. Since inductors can 
generally be produced for any value, within 
reason, they can be whatever is required.

Should a pi-configuration filter be 
required, as illustrated in Figure 2(B), X1 
can be de-normalized as a shunt capacitor. 
Once the value of the capacitor at the top of 
the table has been found, the coefficient at 
the bottom of the same column can be de-
normalized to determine the possible range 
of capacitor values for the cut-off frequency 
required. Then, a convenient preferred value 
within this range can be chosen. If it’s closer 
to the value at the top of the table, divide 
the preferred value of the capacitor chosen 
by the de-normalized value from the top of 

the column, and then multiply this number 
by the original normalized value of X1 from 
the top of the table to get a new normalized 
value for X1. Now look down the column to 
find the row in which a normalized value of 
this coefficient occurs that is close to the new 
value of X1 just calculated. In all probability, 
there won’t be one that is exactly the same, 
but the normalized values have increments 
of roughly 0.5 to 1.5  between rows, so it 
should be possible to find one that is within 
0.75  of the wanted value. The increments 
in the coefficient values of columns X1 and 
X2 are not equal, and since the table was 
originally derived for equal increments in 
LVR, there have had to be compromises 
in the incremental difference between the 
X1 and X2 values in adjacent rows to con-
dense the table to a convenient size. If the 
preferred value is closer to the value of the 
de-normalized capacitance at the bottom of 
the column, then follow the same procedure 
working up the table from the lower limit 
of the column. Bear in mind that the value 
of FU is also changing as LVR changes, so 
when a value of X1 is found close to that 
required, a new value of FC should be cal-
culated with the value of FCR for that row. 
Use this new value of FC to de-normalize 
the capacitor value, and then check how 
close this is to the preferred value. If it’s not 
close enough, repeat the procedure to get a 
little closer. Keep doing this until the value 
given is within about 0.75  of the preferred 
value. This is usually close enough for all 
practical purposes. Interpolation between 
the values of normalized coefficients in two 
adjacent rows can be used to obtain closer 
values, if required, or FC can be shifted by 
half a percent, or so, to get the exact value of 
capacitance needed to coincide with a par-
ticular preferred value. Note that while some 
coefficients go up in value, others go down as 
the table is traversed. So, make sure to get the 
right sign for the difference when interpolat-
ing between rows.

Once the right row has been located, 
all the coefficients in that row can be de-
normalized to find the component values for 
the final filter design. If the value of FC has 
been shifted slightly to get the capacitance to 
coincide with a preferred value, don’t forget 
to use this new value of FC to de-normalize 
the other components. Notice that there is 
symmetry to the filter design, so only 2 coef-
ficients have to be de-normalized. The third 
one is always twice the value of the first, and 
the fourth and fifth components are equal to 
the second and first, respectively. Since the 
filter is a fifth-order one, if the first component 
is a series inductor then the last one should be 
also. Likewise, if a pi-configuration low-pass 
filter is being designed, the first and last com-
ponents should be shunt capacitors.
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Figure 4 -- Design examples of T-configuration 160-meter acromorphic low-pass filter (Part A) and Pi-configuration 40-meter 
acromorphic low-pass filter (Part B).

Design Examples
Let’s say a T-configuration low-pass fil-

ter is required for the 160-meter band, and 
the impedance is to be 50 . Starting with 
the row at the top of the table, the LVR  
1.08dB row, multiply the highest frequency 
in the band (2MHz) by the value in the FCR 
column (1.1657) to get FC. Allowance needs 
to be made for measurement inaccuracies 
(2  possibly) and inductance changes due 
to core heating if toroidal iron-dust inductors 
are to be used (a further 2 , say). So, mul-
tiply this result by 1.04 to get a new cut-off 
frequency with a 4  safety margin. Having 
calculated a value of around 2.4247MHz for 
FC, de-normalize X2 as the first capacitor. 
To do this, divide the X2 coefficient 1.1103 
by 2 , then by FC and finally by 50 ohms to 
get C2 1457.6pF. Now this value of capaci-
tance is quite close to the preferred value of 
1500pF. The magnitude of the X2 coefficient 
increases going down the column, so rather 
than working out the full range of capaci-
tance values it’ll be convenient to go straight 
for C2 1500pF. Divide 1500 by 1457.6 and 
multiply that by the original value of X2. 
That gives a target value of 1.1426 for X2, 
rounding it off to the nearest fourth deci-
mal place. Looking down the X2 column, 
the row for LVR  0.96dB is closest, with 
a value of 1.1415. However, FCR has also 
increased by about 0.8  from the value in 
the LVR 1.08dB row, and this negates some 
of the increase in the value of X2 at this point. 
If FC is recalculated using the new value of 
FCR  1.1749 for the LVR 0.96dB row, FC 
now equals 2.4438MHz (using 1.04 again for 
the tolerance multiplier). De-normalizing X2 
with this new value of FC gives C2 1487pF, 
which is just under 0.9  low of the target 
value. Going further down the column to the 
LVR  0.94dB row gives FC  2.4473MHz 
and C2 1492pF, which is still about 0.5  
low of the target value. Continuing further 
down the table, the row for LVR  0.92dB 
gives 1497pF for C2, which is within 0.2  
and close enough for all practical purposes.  
Now calculate L1 from X1 for the LVR  
0.92dB row. This involves dividing 1.6873 

by 2 , and FC, and then multiplying the 
result by 50 . It comes out as L1  5.479 H. 
No more coefficients have to be de-normal-
ized to work out the other component values 
because of the symmetry of the filter. L5 L1, 
which is also 5.479 H. L3 is always double 
L1 in the T-configuration, so it is 10.958 H. 
C4 is equal to C2, so it is also 1500pF as 
shown in Figure 4(A).

The pi-configuration procedure is quite 
similar to that for the T-configuration, in that 
only one coefficient needs to be de-normal-
ized, in the first instance, to ascertain where 
that capacitor value lies in relation to the 
nearest preferred value. In the pi-configura-
tion the first component is a shunt capacitor, 
so X1 is de-normalized as a capacitor. Taking 
a high-power 40-meter filter as an example 
this time, the upper band edge is 7.3MHz. 
Multiply the upper band-edge frequency by 
the value in the FCR column and a tolerance 
multiplier, and then de-normalise X1 to see 
what capacitor value it gives. Let’s suppose 
that air-wound coils are going to be used this 
time, because the inductance is small enough 
and the power high enough that there’s little 
advantage to using powdered-iron cores. 
Therefore, the tolerance multiplier only 
needs to be 1.02, and FC 8.6798MHz for the 
LVR 1.08dB row. De-normalizing X1 with 
this value of FC gives C1 647.6pF. Doing 
the same for X1 in the LVR 0.1dB row gives 
FC 9.3954MHz and C1 393.8pF. This gives 
the range of possible capacitance values for 
C1, and allows the choice of four preferred 
values – 430pF, 470pF, 510pF or 560pF. In 
order to get the best harmonic attenuation, 
the value of capacitor corresponding to the 
highest value of LVR should be chosen, but 
a lower value could be used for convenience, 
or a wider upper pass band, with only a minor 
reduction in harmonic attenuation. The coef-
ficients are increasing towards the top of the 
table, so this means the highest preferred 
value (560pF) is the best choice for harmonic 
attenuation. Dividing 560 by 647.6 gives 
0.86473, and multiplying this by the X1 
coefficient (1.7658) in the LVR 1.08dB row 
results in a new normalized value for X1 of 
1.5269. The value of FCR is increasing down 

through the table, and if the LVR  0.62dB 
row is selected the value will be too high by 
more than the ratio of the old to new values 
of FCR, which is more than 4 . So, since 
the increments between rows are around 
1  at this point in the table, going four 
rows higher than this should be about right. 
The value of FCR is 1.1986 for the LVR  
0.70dB row, and gives an FC of 8.9248MHz. 
De-normalizing X1 results in a C1 value 
of 561.45pF. This is 0.26  high of what’s 
required, so this row could be used. C3 needs 
to be twice this value, and is best obtained 
using two 560pF capacitors in parallel. This 
is the only position that requires two parallel 
capacitors to get the correct value. The other 
configuration can be used if the number of 
capacitors must be minimized. Then, only a 
single preferred-value capacitor is required 
for each of the two positions where capaci-
tors are used. The de-normalized value of 
L2 is 1.086 H. This is also the value of L4 
in the pi-configuration filter illustrated in 
Figure 4(B). C5 is the same as C1, which is 
560pF.

Component Selection Strategy
Matching component values is more 

important than measuring their absolute val-
ues, if good passband performance is to be 
achieved. This is certainly true for L2 (C2) 
and L4 (C4), where matching to better than 
2  is required to obtain close to the desired 
passband response. In fact, the author tries to 
achieve better than 1  match between these 
components, and usually gets excellent pass-
band responses. However, the relationship 
between C1 and C5 in the pi-configuration 
has a certain amount of latitude owing to 
the symmetry properties of the design. 
Symmetry allows a good pass-band response 
to be obtained with a difference of several 
percentage points between the values of these 
two components, provided that their sum is 
close to the value of C3. So, in Figure 4(b), 
the two end capacitors can be 1 or 2  up and 
1 or 2  down on the nominal values, as long 
as the middle capacitor is very nearly equal 
to the sum of the other two. By juggling with 

(A) (B)
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the positions of four nominally equal capaci-
tors that have a few percent spread in their 
values, an arrangement can usually be found 
that minimizes the difference between the 
sum of the middle two and the sum of the end 
ones. This provides the best possible pass-
band shape for the capacitors concerned, and 
the average value of all the capacitors deter-
mines the cut-off frequency. Alternatively, if 
a low LVR design is being considered, but 
two of the four capacitors are almost identi-
cal in value and the other two have a sum of 
less than twice this, the two identical ones 
can be used for C1 and C5. This will change 
the almost flat upper pass band into one with 
ripple, but it should still be less than 0.01dB 
providing X3/X1 is not too low for the LVR 
used - no less than 1.934 at 0.1dB, increasing 
for higher values of LVR. 

The same symmetry properties apply to 
the T-configuration values of L1, L2 and L3, of 
course. For this design, the inductors should 
be adjusted on an LC meter to get them as 
close to the design values as the measure-
ment set-up allows, and then the final adjust-
ment for best pass-band response should be 
done to L3 only, when the completed filters 
are being tested for VSWR performance over 
each amateur band. The idea here is to set the 
value of L3 to the sum of L1 and L5 by adjust-
ing it to give the best possible pass-band 
VSWR response with the other two inductors 
fixed in value. Both toroidal (powdered-iron) 
and air-wound inductors can be altered sig-
nificantly in value by bunching or stretching 
the windings. There should be ample latitude 
for doing this, even on toroidal inductors.  
The winding should never cover the whole 
core in order to minimize the capacitance 
across the winding.

Final Remarks
The acromorphic type of unequal-ripple 

low-pass filter offers great flexibility in 
the selection of component values for any 
particular cut-off frequency, and addition-
ally provides improved harmonic rejection 
compared with equal-ripple Chebyshev 
designs that have similar low VSWR pass-
band responses. The utility of this sort of 
design was recognized back in 1949, when 
GE introduced the Harmoniker low-pass 
filter design for reducing transmitter har-
monic output. The Harmoniker design is 
an unequal-ripple type with an upper pass-
band ripple of less than 0.01dB and LVR of 
0.63dB, and though largely abandoned later 
by radio amateurs because of the introduc-
tion of modern filter designs was actually 
superior to them in this particular application.

The sensitivity of the acromorphic design 
to component accuracy is offset to some 
degree by its tolerance to asymmetry, which 
allows the designer to use components with 

a spread of values provided they are selected 
so that the symmetry properties of the fil-
ter design are satisfied. High performance 
acromorphic unequal-ripple low-pass filters 
can be designed and constructed using the 
normalized table presented in this article and 
quite modest test facilities. Improved sec-
ond harmonic suppression can be obtained 
at the expense of reduced ultimate attenu-
ation by using the acromorphic equivalent 
of the Cauer design. Fortunately, this can be 
accomplished without losing the flexibility 
of the original unequal-ripple design, and 
single preferred-value capacitors can be used 
throughout the pi-configuration low-pass fil-
ter with added transmission zero. However, 
that is another story.

Dave Gordon-Smith, G3UUR, was first 
licensed in 1965 and concentrated mainly on 
home construction and 160-meter CW DX dur-
ing his first few years on the air. Constructing 
his own equipment was a necessity in those 
days because he was an impoverished school-
boy, but it later became a source of great fun 
and satisfaction. Filters, antennas, and propa-
gation have always fascinated him, and much 
of his Amateur Radio construction and experi-
mentation has been driven by a desire to under-
stand them. He tends to use theory to make up 
for lack of test gear, and enjoys playing with 
novel and unusual circuits. He served with 
VSO (British Peace Corps) on Grenada, where 
he taught math and chemistry, and operated as 
VP2GBR. He holds a PhD in material science 
and was a tenured member of the academic 
staff at the University of Warwick, specializing 
in the characterization and study of defects in 
crystalline solids. He has also spent quite a lot 
of time in the United States over the past 30 
years, mainly doing research at Brookhaven 
National Laboratory and SUNY (Stony Brook) 
on Long Island. After working part time for 
several years, he decided to fully retire this 
year and devote more time to travel, voluntary 
work and Amateur Radio.

Notes
1Dave Gordon-Smith, G3UUR, “Seventh-

Order Unequal-Ripple Low-Pass Filter 
Design,”  QEX, November/December 2006, 
p 31 - 34.

2Lewis G. McCoy, W1ICP, “Getting Rid of Low-
Frequency Harmonics,” QST, April 1968, pp 
26 – 27 & 172,

3“GE Harmoniker,” GE Ham Tips, November/
December, 1949.           

We Design And Manufacture
To Meet Your Requirements

800-522-2253
This Number May Not

Save Your Life...
But it could make it a lot easier!
Especia l ly  when i t  comes to
ordering non-standard connectors.

RF/MICROWAVE CONNECTORS,
CABLES AND ASSEMBLIES

• Specials our specialty. Virtually any SMA, N,
TNC, HN, LC, RP, BNC, SMB, or SMC
delivered in 2-4 weeks.

• Cross reference library to all major
manufacturers.

• Experts in supplying “hard to get” RF
connectors.

• Our adapters can satisfy virtually any
combination of requirements between series.

• Extensive inventory of passive RF/Microwave
components including attenuators,
terminations and dividers.

• No minimum order.

12240 N.E. 14TH AVENUE
NORTH MIAMI, FL 33161

TEL: 305-899-0900 • FAX: 305-895-8178
E-MAIL: INFO@NEMAL.COM

BRASIL: (011) 5535-2368

NEMAL ELECTRONICS INTERNATIONAL, INC.

*Protoype or Production Quantities

URL: WWW.NEMAL.COM



48   QEX – November/December  2010

TA P R 

™



SHOP DIRECT or call for a dealer near you.
ONLINE WWW.ARRL.ORG/SHOP    
ORDER TOLL-FREE 888/277-5289 (US)

ARRL T n i n i i n

AMAT A TM

225 Main Street, Newington, CT 06111-1494  USA QEX 11/2010

By Michael Corey, W5MPC 
and Victor Morris, AH6WX

Storm Spotting and Amateur Radio is a 
resource for the Amateur Radio operator who 
volunteers as a trained storm spotter. This handy 
guide includes information on resources, training, 
equipment, safety, storm spotter activation procedures,
reportable weather criteria, developing a local storm 
spotter manual, and the experiences of storm 
spotters from around the country. It also provides 
some meteorological information about severe 
weather such as hurricanes, tornadoes, hail, fl oods,
damaging wind, and winter weather.

ARRL Order No. 0908
Only $22.95*

Get on the air from anywhere!
Remote Operating for Amateur Radio guides 
you through the process of establishing your own 
Internet-controlled station. You’ll learn the basics 
of how the Internet works, how home networks 
operate and how to interconnect Amateur Radio 
hardware and software for remote Internet control. 
You’ll fi nd station diagrams, software tips, legal 
aspects of remote station control, and unique 
issues of remote operating as it applies to 
activities such as DXing and contesting. 

ARRL Order No. 0922
Only $22.95*

Storm Spotting 
and Amateur Radio

Ham Radio, the Internet 
and Remote Station Control

Remote Operating 
for Amateur Radio

By Steve Ford, WB8IMY

*plus shipping and handling



SHOP DIRECT or call for a dealer near you.
ONLINE WWW.ARRL.ORG/SHOP    
ORDER TOLL-FREE 888-277-5289 (US)

ARRL
225 Main Street, Newington, CT 06111-1494  USA

QEX 11/2010

Order Online www.arrl.org/shop 
or Call Toll-Free 1-888-277-5289 (US)

2011 ARRL Handbook Hardcover. In ludes oo  and CD-ROM.
ARRL Order No. 0960 .Retail 59.95 Limited Time 49.95
2011 ARRL Handbook Softcover. In ludes oo  and CD-ROM.
ARRL Order No. 095 .Retail 49.95

*A tual dealer pri es a  ar . Shipping and handling harges appl . Sales Ta  is re uired or 
all orders shipped to CT, A, and Canada. Pri es and produ t a aila ilit  are su e t to hange 
without noti e. 

System Requirements   Windows  XP, Windows ista  or Windows  7, as well as Ma intosh
s ste s, using Ado e  A ro at  Reader  so tware. The A ro at Reader is a ree download 
at www.adobe.com. PDF  les are Linu  reada le.

T n i n i i n

AMAT A

CD-ROM Included.
The CD-ROM at the a  o  the oo  in ludes all o  the ull  
sear ha le te t and illustrations in the printed oo , as well as 
o panion so tware, PC oard te plates and other support  les.

Get the HARDCOVER edition for the 
softcover price!
Li ited o er a aila le when ou order now or while 
supplies last. This eauti ull  ound and dura le 
hard o er edition is an essential re eren e or the 
a ti e ha . The best deal in Amateur Radio

The ARRL Handbook is the ost o prehensi e 
guide to radio ele troni s and e peri entation.
The oo  is part re eren e and part applied theor , 
 lled with pra ti al treat ents o  asi  ele troni  
unda entals, RF design, digital and so tware radio 
te hnolog , and antenna onstru tion.
For ore than eight de ades, T n  has 
e powered radio a ateurs and pro essionals ali e 
with its do-it- oursel  approa h,  nding its wa  onto 
wor en hes and operating des s, and into te hni al 
li raries and institutions.

Always Revised!
This eight -eighth edition has een signi  antl  
e panded, eaturing rand-new pro e ts and the 

ost up-to-date in or ation

New Topics
  S he ati  apture and Printed Cir uit oard la out

  A pli  er tuning and aintenan e, using surplus 
a p parts

  Restoring intage e uip ent

  Re ote station design 

New Project Material
  Mi ropro essor- ased SWR Monitor-Meter  
Larr  Co le, 1QW

  LTspi e si ulation  les or asi  ele troni  ir uits

  Sele ting the right atter  or o ile operation

Expanded Content
  New ro  Dr. Ulri h Rhode, N1UL  Os illator and i er 

ir uit designs, HF i er testing, HF down- on erter 
ront end design, and RF ir uit si ulation

  50  ore on RF Inter eren e, in luding digital T , 
power-line noise, and auto oti e RFI

  Trans itting ho e aterial onsolidated or 
eas  re eren e

Bonus Offer! Order Today!


